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SUMMARY 
Chlamydospores of Phytophthora drechsleri Tucker were 
observed in the roots of six genera of artificially 
inoculated plants that are common weed species in Eastern and 
Southern Australia. Pathogenicity tests were conducted on 31 
species of plants and the limitations of artificial 
inoculation for host range studies were examined. Despite 
these limitations, it is apparent that some native plants are 
susceptible to infection by P. drechsleri and that this fungus 
is capable of reproduction within the invaded tissue. 
Phytophthora drechsleri chlamydospores were more readily 
produced in the roots of New Zealand blue lupin seedlings. 
The chlamydospores were spherical with thick smooth walls, 
had a mean diameter of 8.0 µm and were produced in chains, . in 
clusters or singly. The relationship of these chlamydospores 
with other Phytophthora spores was discussed. Attempts to 
produce chlamydospores in axenic culture were unsuccessful 
and these spores could be produced only in the presence of 
unsterile soil. Temperature influenced the number of 
chlamydospores formed in buried lupin roots; changes in soil 
moisture had a significant effect only when soil temperatures 
were low. 
A high chlamydospore germination rate was achieved on 
water agar. No swelling of spores was observed prior to 
germination although as many as one third of chlamydospores 
exhibited splitting of the spore wall so that the germ tube 
\.I. 
and protoplasm were adjacent to·the original spore walls. 
iv 
Germination of chlamydospores from macerated root tissue on 
water agar occurred at oxygen partial pressures as low as 
0.002 atm. The addition of inorganic or amino acid nitrogen 
to the water agar did not increase the percentage germination. 
When sucrose was added as a carbon source, increased 
germination was achieved only at higher oxygen partial 
pressures. Added nitrogen increased bacterial activity on 
the agar with a resulting increase in lysis. Breaks appeared 
in the protoplasm of germ tubes and septa were often formed. 
These did not appear, however, to restrict germling growth or 
survival. 
Chlamydospores of P. drechsZeri rarely produced more than 
one germ tube and no additional chlamydospores were formed 
within the resulting mycelium. Chlamydospores germinated on 
solute-amended agar at osmotic potentials as low as -97 bar, 
but growth of mycelium from mycelial inoculum ceased at about 
-56 bar. 
The ecological significance of P. d:riechsZeri 
chlamydospores is discussed in terms of their behaviour under 
various physical conditions and their presence in native 
plant roots. 
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CHAPTER ONE 
Introduction 
The acreage sown to safflower (Carthamus tinctorius L.) 
Australia has doubled since 1968-69 when declining wool 
. in 
prices and the operation of wheat delivery quotas prompted 
dryland farmers to cultivate alternative crops. 
Unsuitable varieties and disease problems have prevented 
Australia from achieving self-sufficiency in safflower 
production. Yields in New ·South Wales compare unfavourably 
with those overseas due in part to the widespread incidence 
of a root rot in both dryland and irrigated crops. 
1.1 Symptoms of Root Rot 
Signs of root rot may appear at all stages of growth. 
Young plants exhibit water soaking and collapse of stem 
cortical tissue at ground level. More mature plants become 
chlorotic and wilt, and necrotic lesions often appear on the 
roots and hypotocyl. The lateral roots of affected plants 
-
are greatly reduced in number and rotting of the taproot is 
common in severe cases. Diseased plants usually die. 
1.2 Literature Review 
In New South Wales, Kockman and Evans (1969) attributed 
the cause of root rot of irrigated safflower in the Namoi 
Valley to Pythiwn ultirrrum Trow and P. debaryanwn Hesse. After 
more appropriate pathogenicity tests, Stovold (unpublished 
data) concluded that Phytophthora dreohsleri Tucker was the most 
important incitant of safflower root rot in New South Wales 
and, although several Pythiwn spp. could cause a root rot 
under flooded soil conditions, these fungi were not as 
virulent as P. ~eohsleri. During 1969, losses in some dryland 
crops in the Macquarie and Castlereagh valleys were as high 
as 80% and losses of 50% were common. 
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Erwin (1950, 1952) was first to report P. ~eohsleri as the 
pathogen causing root rot of safflower plants at all stages 
of growth. He reported that soil temperatures between 25 °C 
and 30 °C were most favourable for disease development in 
greenhouse tests and no root rot occurred at temperatures 
less than 17 °C. High soil moisture levels were conducive to 
disease development. 
Some varieties of safflower have shown resistance to 
infection by P. ~eohsleri (Thomas, 1952), and further work led 
to the development of resistant safflower varieties 
possessing desirable agronomic characteristics (Thomas et al., 
1960). The existence of distinct pathogenic races of 
P. ~eohsleri has been demonstrated by Thomas and Klisiewicz 
(1963) in glasshouse pathogenicity tests. 
Irrigation frequency and intensity differentially 
influence the reaction of safflower varieties to root rot 
(Zimmer and Urie, 1967) and moisture stress prior to 
irrigation increases the incidence of disease. It was noted 
that yields of some plots were reduced more than was 
3 
anticipated from the severity of root rot which suggests that 
the disease may reduce seed yield without manifesting 
symptoms in the shoots. 
Klisiewicz and Johnson (1968) studied the relation of 
pathogen to host with respect to germination, penetration and 
establishment of the fungus in tissues of susceptible and 
resistant safflower. Germ tubes from zoospores penetrated 
the anticlinal walls of the epidermis and mycelium spread 
intracellularly in the cortex and vascular tissue. Growth of 
the fungus on resistant hypocotyls was sparse and necrotic 
flecking occurred in areas where mycelium was concentrated. 
The authors found no histological differences between 
resistant and susceptible plants and suggested some 
mechanisms of host resistance that may be activated after 
penetration of the epidermis. 
Johnson and Klisiewicz (1969) reported the effects of 
environment on the reaction in safflower to P. driechsZeri. The 
severity of disease reaction increased with temperature and 
was greatest under low light intensities and high zoospore 
concentrations. The effect of very low light intensities in 
reducing host resistance was also demonstrated by Thomas 
(1966), and Johnson (1970a) investigated further the role of 
light and leaves in the reaction of resistant safflower 
varieties. 
The accumulation of P.driechsZeri zoospores on host and 
non-host roots in soil was shown by Mehrotra (1970) to be a 
non-specific phenomenon. 
The fungitoxicity of diffusates from inoculated leaves 
and hypocotyls of safflower was demonstr ated by Aldwinkle 
(1969), and Thomas and Allen (1970a , b) identified the 
antibiotic compound present in t hese diffusates. Further 
work on phytoalexin-like substances in infected safflower 
(Johnson, 1970b; Allen and Thomas, 1 9 71, 1972; Thomas and 
Allen, 1971) has demonstrated some o f the possible 
physiological and biochemical mechanisms which may be 
involved in disease resistance in safflower. 
Studies of P. draeahsleri in vitro have been limited to the 
nutritional requirements of the fungu s and its genetic 
behaviour. Hunter et al. (1965) showed that sterols promoted 
oospore production in P. draeahsleri and t he utilisation of 
carbon sources for motility and germination of zoospores was 
reported by Barash et al. (1965). Ga lindo and Zentmyer (1967) 
studied the genetics and cyto l o gy of two mating strains of 
P. draeahsleri and showed that the re are basic differences 
between the genetical systems of Phytophthora and those of 
other fungi. 
Much is known of t h e survival and reproduction in many 
species of Phytophthora (see reviews of Hickman, 1958; 
4 
Zentmyer and Erwin, 1970 ). In contrast, very little is known 
about the behaviour o f P. draeahsleri in the absence of safflower 
and of its activity i n s oil. No mention is made in the 
reviewed literature o n s urvival structures of P.dreahaleri or 
on its ability to reproduce in t he presence or absence of a 
host. Klisiewicz (19 7 0) s tudied cultural conditions 
affecting the producti o n a nd germination of oospores and 
5 
reported their formation in paired cultures on autoclaved 
safflower stems. Klisiewicz claimed that his data support 
the view that P. drechs leri could reproduce and survive in the 
soil through sexual reproduction if compatible strains were 
present. However, no experiments that justify this statement 
were reported. 
Root rot has occurred in the first crops sown in virgin 
soil and the pathogen has been isolated from agricultural and 
forest soils in many localities throughout Australia (Pratt 
and Heather, unpublished data). 
This research project was initially intended as a field 
study of the disease in areas of varying climatic and soil 
conditions. However, as rainfall in 1970-71 was well below 
average and the incidence of Phytophthora root rot was very 
low, this study was not pursued. 
The project reported herein was undertaken to 
investigate the factors involved in survival of P. drechsleri in 
soil and the possible role of alternative hosts in 
propagation of the fungus. 
CHAPTER TWO 
Pa thogenici ty of Phytophthora drechs Zeri 
2~1 Introduction 
In a general account of chlamydospores, Talbot (1971) 
described the mature spore as being spherical or oblong, 
wider than the supporting hypha and with a thickened, often 
pigmented wall. He noted that they function as resting or 
survival structures. In Phytophthora, however, there is 
considerable confusion in the literature concerning 
6 . 
. 
chlamydospores. Blackwell (1949) described chlamydospores in 
a broader sense and stated in part that a chlamydospore may 
be no more than an irregular piece of walled mycelium. In 
their description of Phytophthora spores, Blackwell and 
Waterhouse (1931) listed six spore types and showed that no 
distinction could be drawn between the vegetative structures 
formed by this genus. Neither the method of germination nor 
the shape and size of the spore served as a definitive 
criterion for any of the spore types. Blackwell (1943) 
observed that chlamydospores of P. aacto-rwn (Lebert & Cohn) 
Schroeter superficially resembled oospores and were very 
often confused with them. Hyphal swellings, as defined by 
Blackwell (1949), occur in many species and in some cultures 
are very much like chlamydospores: e.g. ~cinchonae Sawada 
(Waterhouse, 1970). Blackwell (1949) grouped all intercalary 
chlamydospores that were either spherical, ellipsoid or 
-irregular in shape, as resting mycelium and not as true 
chlamydospores. Intercalary chlamydospores, however, can 
usually be distinguished by the presence of an additional 
spore wal 1 and septa. Phytophthora cinnamomi Rands forms both 
-n, e,1r f.:? I,..._ 
chlamydospores and hyphal swellings in oatmeal agar,, ·and they 
, ,J~< to-Vi · o,..-.,~ )t.~1 c,./e o~r,~ ~Gt<.lt~\~ qtsf\ ..... ~v-,> ~o.,{f..)-c 
-aua sometimes indistinguish-a-b-3:eLfrom each other. These 
spores are often irregular in shape and the dimension in one 
direction may be twice that in another (McCain et al., 1967). 
Phytophthora chlamydospores observed in roots and soil fit 
Talbot's description of chlamydospores more adequately than 
that of Blackwell (1949) which is more suited to 
chlamydospores formed in vitro. In agar culture P. drechsleri 
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is known to form swollen, irregular- vesicles (Figs. 1 - 2). 
These swellings are oftert termed chlamyd6sporei although they 
are not delimited from the hyphae by septa and their role as 
chlamydospores has never been demonstrated. Ershad (1971) 
divided P. drechsleri isolates into two groups on the basis of 
their formation of hyphal swellings. 
The ability of many species of Phytophthora to survive in 
host tissue and in soil is well documented. Zentmyer and 
Erwin (1970) claimed that the chlamydospore is a primary unit 
of survival for Phytophthora but its importance has been 
-
demonstrated in only a few species. Most studies on 
chlamydospores have been on those produced in vitro. 
In the original descriptions of Phytophthora species 
(Waterhouse, 1970) the formation of chlamydospores is 
mentioned in 22 species but, of these, only six are noted as 
actually producing chlamydospores in host tissue. In a 
review of the genus Phytophthora, Hickman (1958) made only 
• 
Fig. 1 
Fig. 2 
Figs. 1-2. Hyphal swellings in 4 day old 
cultures of P. drechsleri on V 8 agar. 
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passing reference to chlamydospores and made no mention of 
any species in which this spore type may be important. The 
survival of several species in soil and plant tissue by 
oospores or other means was discussed and further research 
has now extended the range of species for which the mechanism 
of persistence is known. 
When little or no evidence is given in a report to 
substantiate a claim, the presence of a particular spore-type 
cannot always be verified. Thus, Hendrix and Kuhlman (1965) 
claimed that colonies of P. cinnamomi growing on a selective 
medium incorporating naturally infected soil arose from 
chlamydospores in the soil or embedded in decomposing organic 
matter, but the precise nature of these "chlamydospores" 
cannot be found. Similarly, using an antibiotic medium, 
Ocana and Tsao (1965) showed that chlamydospores were the 
origin of P. parasitica Dast. colonies in soil dilution plates, 
and Holdaway and Tsao (1971) working with amended soils 
showed that P. parasitica also formed sporangia as survival 
units in soil. Mehrotra and Tiwari (1967) observed that 
P. parasitica var. piperina Dast. (P. nicotianae var. parasitica 
(Dast.) Waterhouse) formed chlamydospores or resting 
sporangia in Piper betle L. roots buried in infected soil. 
The existence of oospores and chlamydospores of 
P. cinnamomi in infected avocado roots was first reported by 
Mircetich and Zentmyer (1966) -whe -attrihuted the longevity of 
the fungus in the absence of a h0st te these two spores. 
Kuhlman (1964) observed chlamyd~spores of this fungus in the 
epidermal cells of infected Douglas fir roots. 
Under laboratory conditions, oospore formation by 
P. paZmivora (Butl.) Butl. can take place in host tissue in the 
presence of two compatible isolates (Brasier, 1 969). 
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P. paZmivora also produces chlamydospores in naturally infected 
papaya fruits (Kadooka and Ko, 1971). 
More recently, Marks and Mitchell (1971 ) s t udied the 
pathological anatomy of Medicago sativa L. roots by P. megasperma 
Drech. and observed formation of oospores in infec t e d r oo t 
tissue. P. citricoZa Sawada is known to survive as oospore s i n 
soil and as mycelium in infected roots (Royle, 1966). 
Often the form in which the fungus is surviving in soil 
is not known and is open to _conjecture. Legge (1953) studied 
several Phytophthora species and proposed that oospores were 
the likely means of survival. In the absence of a hos t 
P. cinnamomi persists for up to 6 years in soil, and Zentmyer 
and Mircetich (1966) stated that the fungus probably survived 
as chlamydospores. No survival structures were actually 
observed in either case. 
Because of their thick walls and a Lleged resistance to 
adverse conditions, P. parasitica oospores are considered to be 
capable of surviving in soil and although they have never 
been observed in vivo, Tsao (1969) did not doubt the i r natural 
occurrence. 
Phytophthora cactorum, P. cryptogea Pe thybridge & Lafferty , 
P. cinnamomi and P. parasitica were isolated from t h e roots of 
native plants in North America (Middleton and Baxter, 1955). 
This may demonstrate that these fungi were present in native 
vegetation but whether they were actively associated with the 
roots or in a dormant phase was not indicated. McIntosh 
(1964) recovered P. cryptogea, P. cambivora (Petri) Buism., 
P. megasperma var. sojae Hildebrand and P. d:rechsZeri from 
cultivated soils but not from virgin soil. No comments or 
data were presented on how the fungi survived. 
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Little is known of the survival of P. drechsl,eri in plant 
debris or in the absence of a host, although it has been 
isolated from non-arable land. The following experiments 
were conducted to elucidate possible survival mechanisms 
which may operate in this fungus. 
2.2 The Fungus 
The isolate of Phytophthora drechsleri used in these studies 
was obtained from the roots of diseased safflower plants from 
Cowra, N.S.W., in November 1970. Thin longitudinal sections 
of root or hypocotyl were surface sterilised in 1% silver 
nitrate and placed on water agar in a Petri dish. The fungus 
could be isolated only from areas immediately adJacent to the 
water soaked necrotic zones. The identification of the 
pathogen was subsequently verified by the Commonwealth 
Mycological Insti tute (IMI 164185). 
Stock cultures were maintained successively on oatmeal 
agar (20 g oatmeal, boiled and filtered; 25 g agar per 
litre), v8 agar (100 ml v8 Juice, 2 g caco 3 , filtered; 25 g 
agar per litre), and malt agar (25 g malt extract, 25 g agar 
per litre), at 4 °C. The pathogenicity of the fungus was 
maintained by periodical ly inoculating the roots of 3 week 
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old safflower seedlings (var. Gila) with a 5 mm agar plug cut 
from the periphery of a 7 day old culture on oatmeal agar. 
The plants were flooded with water for 4 days. The fungus 
was reisolated 6 days after inoculation by plating roots with 
lesions on to the surface of antibiotic cornmeal agar 
(vancomycin 200 ppm, pimaricin 8 ppm and pentachloronitro-
benzene 100 ppm; 17 g Oxoid cornmeal agar per litre; after 
Tsao and Ocana, 1969). The fungus could then be subcultured 
to oatmeal agar. 
2.3 Preliminary Experiments in Pathogenicity 
The aim of this experiment was to see if there were any 
plants common in the appropriate field areas that could be 
invaded by the fungus in laboratory tests and that preferably 
did not die as a result of infection. Plants that survived 
infection, but in which P. d:rechs leri was able to colonise 
tissue, would enable the fungus to survive and produce 
resting structures without being subjected to antagonism from 
other soil microorganisms. 
(a) Seedlings of camel melon (Citrullus Zanatus (Thunb.) 
Matsumura & Nakai), Bathurst burr (Xant.hiwn spinosum L.) and 
saffron thistle (Carthamus Zanatus L.) were grown in 1: 1 
sand:vermiculite mixture in plastic cups and watered weekly 
with Hoaglands solution. Four week old plants were 
inoculated by one of the following methods: 
(i) by surrounding the hypocotyls with a 5 rrun agar 
plug cut from a 13 day old culture of P. drechsleri on oatmeal 
agar; or 
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(ii) by surrounding the hypocotyls with 1.5 g of a 
washed vermiculite culture (Chilvers, 1962). Twenty grams of 
grade 2 vermiculite were moistened with 60 ml of v8 broth 
(100 ml v 8 juice, 2 g caco3 , filtered, per litre) and 
sterilised. The vermiculite was inoculated with P. drechsleri 
and incubated, with occasional shaking to obtain uniform 
growth through the granules, at 25 °C. After 12 days the 
agar plug was removed and the vermiculite washed four to six 
times with distilled water to remove the bulk of 
unassimilated nutrients. The inocula were covered with sand 
and the pots flooded with water for 4 days. Control plants 
were surrounded with sterile vermiculite or agar and flooded. 
The experiments were conducted in a glasshouse with a 
temperature range of 20 °C to 24 °C. 
Results 
The melon and burr seedlings had collapsed 24 hours 
after the pots were drained and brown watery lesions ran from 
the roots into the lower stem. Control plants were 
unaffected. 
Saffron thistle seedlings did not collapse but dark 
brown lesions in the form of dense longitudinal streaks 
extended from about 5 mm above ground level to well into t he 
root system (Fig. 3). Some shrivelling of this area was also 
evident. Thistle seedlings inoculated with vermiculite 
culture exhibited delayed signs of infection. Longitudina l 
necrotic streams were apparent 5 days after draining of the 
pots but they were less dense than in those seedlings 
I c.m 
Fig. 3. Inoculated saffron thistle seedling (left) 
showing necrosis of roots, collar and stem. 
Control plant is on the right. 
Fig. 4. Transverse section of stem of uninoculated 
(control) saffron thistle seedling. 
r 
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inoculated with agar, and in some plants lesions occurred on 
one side of the stern only. There was a slight reduction in 
growth of the infected plants compared with the controls. 
A number of thistle seedlings inoculated with agar plugs 
were set aside after the flooding period and the inoculurn 
plugs removed. The necrotic regions of the sterns were 
excised 4 weeks later and 2 mm lengths were mounted on a 
freeze microtome stage and frozen in mucilage gum. 
Transverse and longitudinal sections of 30 µrn and 50 µrn were 
cut and stained with lactophenol cotton blue or 0.1% acid 
fuchsin. Microscopic examination revealed collapse and 
necrosis of the epidermal and outer cortical cells (Figs. 
4-6). Many stained, thick walled spherical structures, 
6. 6 µrn - 9. 6 µrn diam., ·were present in this necrotic area 
(Fig. 7). These structures were absent from other tissue in 
the stern or root and all other host cells appeared normal. 
There was no necrosis in control plants and no spherical 
structures were detected in stern tissue. 
A similar examination was carried out on camel melon and 
Bathurst burr roots 2 weeks after inoculation. Spherical 
structures were found in both cortical and vascular tissue 
near the point of inoculation in each plant. 
(b) Older plants of crows foot (Erodium botrys (Cav.) 
. 
Berto 1.) , Paterson's curse (Echium plantagineum L.) and skeleton 
weed (Chondrilla juncea L.) were transplanted from a fallow 
wheat paddock into 15 cm plastic pots and kept in a green 
house. Age of the plants could not be accurately determined 
• 
Fig. 5 
Fig. 6 
Figs. 5-6. Transverse and longitudinal sections, 
respectively, of stems of inoculated saffron 
thistles showing collapse and necrosis of outer 
cortical tissue (arrow). 
Fig. 7. Thick walled spherical structures present 
in necrotic cortical cells: stained with 
lactophenol cotton blue. 
,r 
but was approximately 6 - 8 weeks. Plants were examined for 
freedom from disease and the soil was baited with lupins 
(Chee & Newhook, 1965) to ensure the absence of Phytophthora 
species and pathogenic Pythium species. Six plants of each 
\.. ~ ~r' . 
species were inoculated with vermiculite as used previously 
and flooded for 4 days. 
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All the crowsfoot plants commenced to wilt 1 day after 
draining and were dead 6 days later. The Paterson's curse 
aged prematurely compared with the control plants and all the 
skeleton weed bolted. Six weeks after inoculation, the root 
systems of all plants were examined. There were deep 
cavities in the roots of the three species at the points of 
inoculation. Transverse sections of these areas revealed 
abundant spherical bodies in the necrotic cells of the outer 
cortex and in immediately adjacent cells. There were fewer 
structures noticed in skeleton weed roots than in the other 
species. Segments of roots of all inoculated plants were 
washed in running tap water, dried on tissue paper and placed 
on to antibiotic cornmeal agar in the dark at 25 °C. 
P. drechsleri myceliurn was subcultured from most plates within 
36 hours but faster growing fungi, especially Mortierella and 
Pythium, often overgrew the P. drechsleri cultures, making 
isolation difficult. 
The pathogen was isolated from about 70% of inoculated 
plants by using a lupin baiting technique. Root systems were 
cut into 2 - 3 cm pieces and placed in plastic drinking cups. 
The cups were filled with distilled water and three New 
Zealand blue lupin seedlings suspended in each cup by means 
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of a cork float. Lupin roots showing lesions after 5 days 
were surface sterilised in 70% alcohol and placed on to water 
agar containing 5 0 ppm of streptomycin. P. drechsleri could 
normally be isolated from these plates within a day. 
Thus, under the conditions of the experiments, 
P. drechsleri was capable of invading the roots of seedlings or 
young plants in six different genera. 
2.4 Pathogenicity Tests 
Following the results of these experiments, the 
pathogenic i ty of P. drechs leri to a wider range of plants 
covering 31 species in 12 families was investigated (Table 1). 
An attempt was made to select weed species common to 
those areas where safflower is grown commercially. All 
plants were grown from seed with the exception of Emex 
australis Neck. , Cryptostemma calendula (L.) Druce, Chondrilla Juncea 
L. and Silybum marianum (L.) Gaertn. which were transplanted 
from fallow wheat paddocks. 
Considerable difficulty was experienced in overcoming 
natural seed dormancy and in many of the weed species only a 
restricted number of uniform plants were available for 
testing. A minimum of eight plants of each species was used 
in each treatment and more were used if available. The 
number of control plants in any treatment equalled the number 
inoculated. 
. Attempts to break seed dormancy met varying success; 
many methods effective with other species of weeds were tried 
in case a technique might be found to stimulate germination. 
Table 1. Weeds and Cultivated Plant s Used in Pathogenicity Tests 
Weed Species 
Carthamus lanatus L. 
Citrullus lanatus 
(Thunb.) Matsumura et Nakai 
Chondrilla juncea L. 
Convolvulus arvensis L. 
Cryptosternma calendula (L.) Druce 
Cucumis myriocarpus Naud. 
Datura stramonium L. 
Echium plantagineum L. 
Erodium botrys (Cav.) Bertol 
Emex australis Neck. 
Gomphrena sp. L. 
Nicotiana glutinosa L. 
N.rustica L. 
Rumex crispus L. 
Sonchus oleraceus L. 
Silybum marianum (L.) Gaertn . 
Xanthium spinosum L. 
Cultivated Plants 
Avena sativa L. 
Brassica napus L. 
Carthamus tinctorius L. 
Casuarina glauca sieb. 
Eucalyptus globoidea Blakely 
Glycine max (L.) Merrill 
Helianthus annuus L. 
Linum usitatissimum L. 
Lolium perenne L. 
Lycopersicum esculentum L. 
Medicago sativa L. 
Nicotiana tabacum L. 
Phalaris tuberosa L. 
Solanum tuberosum L. 
Trifolium subterraneum L. 
var. Mt. Barker 
Triticum aes tivwn L. 
Zea mays L. 
Saffron thistle 
Camel melon 
Skeleton weed 
Bind weed 
Cape weed 
Compositae 
Cucurbitaceae 
Compositae 
Convolvulaceae 
Compositae 
Prickly paddy melon Cucurbitaceae 
Thorn apple Solanaceae 
Paterson's curse Boraginaceae 
Crows foot Geraniaceae 
Spiny emex Polygonaceae 
Gomphrena Amarantaceae 
Curled dock 
Sowthistle 
Verigated thistle 
Bathurst burr 
Solanaceae 
Solanaceae 
Polygonaceae 
Compositae 
Compositae 
Compositae 
Oats Gramineae 
Rape Cruciferae 
Safflower Compositae 
Casuarina Casuarinaceae 
White Stringybark Myrtaceae 
Soybean Leguminosae 
Sunflower Compositae 
Linseed Linaceae 
Perennial rye grass Gramineae 
Tomato Solanaceae 
Lucerne Leguminosae 
Tobacco Solanaceae 
Phalaris Gramineae 
Potato Solanaceae 
Subterranean Clover Leguminosae 
Wheat Gramineae 
Maize Gramineae 
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Seeds of Cucwnis myriocarpus Naud., Citrullus lanatus, and Datura 
stramoniwn L. were soaked for 1. 5 hours in lN hydrochloric acid 
and washed in running tap water for half an hour. Very good 
germination was achieved in Carthamus Zanatus after soaking 
seeds in 0.2% potassium nitrate solution for 48 hours. A 
germination rate of 30 - 50% in X. spinoswn was obtained only 
after the outer coats of the burr were removed by 
sandpapering. 
The plants were grown in a 1:2 vermiculite:sand mixture 
in plastic cups and watered weekly with Hoaglands solution. 
The age of the plants when inoculated is shown in Table 2. 
The inoculum was prepared as follows: New Zealand blue lupin 
seeds (Lupinus angustifo lius L. ) were soaked in 6 % hydrogen 
peroxide for 5 hours and placed on the surface of moist 
sterile vermiculite in screw top jam jars. Lupin roots of 
3 - 5 cm length were produced in about 4 days. The roots were 
excised at the hypocotyl, cut into 1 cm lengths and placed on 
to the surface of a 3 day old culture of P. d:Pechsleri on 
v8-oatmeal agar (10 ml v8 juice, 20 g oatmeal, 25 g agar, per 
litre). After 4 days incubation at 25 °C, the pieces were 
removed and the plants were inoculated by burying two of 
these root pieces amongst the roots of the test plants. 
Plants were flooded for 24, 48, 72 or 96 hours depending on 
the number of seedlings of each species available, and pots 
were placed for the required time in a 10 cm deep tray 
containing a 5% non-sterile, unfiltered soil extract solution. 
Control plants were flooded for the appropriate time interval. 
The experiment was conducted in an open area covered with 
h d · h b ' t t t was 19 °C to 24 °C. s a e netting. Te am ien empera ure 
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Fourteen days after inoculation the plants were examined 
for signs of infection. 
2.4.1 Results and discussion 
The response of plants to inoculation is shown in 
Table 2. 
The only plants that showed a marked response to the 
pathogen were Medicago sativa L. , Chondri l la juncea, and 
Carthamus tinctorius. On M. sativa, the tap roots were ringed by a 
dark brown to black necrotic area and this extended into some 
of the laterals. About one quarter of the roots of any 
individual plant showed signs ·of infection. Many ·of the 
lesions on the taproots developed where the laterals emerged. 
This is similar to the reaction of M. sativa to infection by 
P. megasperma Drech. (Marks & Mitchell, 1971). The response was 
less severe in Chondrilla juncea and Carthamus tinatorius; the 
lesions were lighter in colour and less extensive. 
Cryptostemma calendula roots were slightly stunted and many 
of the tips of the lateral roots had decayed. Lesions had 
developed on the taproot and in some plants these had 
coalesced on the side of the root nearest the inoculum to 
form a continuous lesion 4 - 5 mm long. - There were similar 
reactions in Cucwnis myriocarpus and S. marianwn though in the 
latter plants the lesions were more confined to the lateral 
roots. 
The only visible signs of infection in Nicotiana rustica L. 
were shrivelling and discolouration of the lateral roots. 
The root systems were smaller than those of the control 
* 
Table 2. Results of Pathogenicity Tests 
Flooding time after Approximate 
Plant species age of plants inoculation (in hours) 
(days) 24 48 72 96 
Weed Species 
Cartharrrus lanatus 70 O* 1 - 1 
Citrullus lanatus 40 - 1 1 -
Chondrilla juncea - 0 3 3 -
Convolvulus arvensis 50 0 0 1 1 
Cryptostemma calendula - - 2 - -
Cucumis myriocarpus 50 0 2 - 0 
Datura stramonium 68 - 0 - 0 
Emex australis - - @1. - @' 
Gomphrena sp. 52 0 0 - 0 
Nicotiana glutinosa 63 - 1 - 0 
N.rustica 63 
-
2 - 2 
Rumex crispus 52 - 1 - 0 
Sonchus ·oleraceus 49 - 1 1 -
Silybum marianum - - 2 - 1 
Xanthium spinosum 86 - 0 0 -
Cultivated Plants 
Avena sativa 28 - 0 - 0 
Brassica napus 40 0 0 0 -
Carthamus tinctorius 40 - 2 2 3 
Casuarina glauca 80 - - 1 1 
Eucalyptus globoidea 80 - - - 1 
Glycine max 35 0 - 1 0 
Helianthus annuus 35 0 - 0 -
Linum usitatissimum 40 0 - 0 0 
Lolium perenne 60 0 0 - 0 
Lycopersicum esculentum 40 - 0 - 0 
-Medicago sativa 74 - 4 3 1 
' 
Nicotiana tabacum 63 - 1 - 0 
Phalaris tuberosa 60 - 0 - 0 
Solanum tuberosum 60 0 - - 0 
Trifolium subterraneum 70 - 0 0 -
var. Mt. Barker 
Triticum aestivum 28 - 0 - 0 
Zea mays 28 - 0 - 0 
I 
Reaction of plants to inoculation is expressed on a O - 4 scale: 
0 indicates no visible reaction; 1, some discolouration of roots near 
point of inoculation; 2, small distinct lesions present and death of 
some lateral root tips; 3, lesions larger than 1 mm and widespread; 
4, extensive general necrosis and stunting of root system. 
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plants. In E. australis there was necrotic spotting on the 
laterals, and the taproots on seven of the nine plants 
inoculated were stunted with extensive necrosis for about 4 cm 
back from the root apex. 
There was little discernible difference between the 
reactions of Convolvulus arvensis L., OitruZZus Zanatus, Casuarina 
glauca Sieb. , Eucalyptus globoidea Blakely, Nicotiana glutinos~ L. , 
Nicotiana tabacum L. , Rumex crispus L. , Carthamus Zanatus, Sonchus 
oleraceus L., and Glycine max (L.) Merrill. Root tips had 
shrivelled and small isolated necrotic spots of about 1 rrun 
diam. were noticed on the larger roots. 
All roots showing lesions or discolouration were placed 
in a tissue fixative (90% absolute alcohol, 5% glacial acetic 
acid, and 5% formalin) for later sectioning and examination. 
Rapid dehydration of the tissue, however, caused cell 
contents to contract into globules which were very similar in 
appearance to the spherical structures noted earlier in 
Carthamus Zanatus. These structures obscured examination even 
in stained preparations and it was not possible to d~termine 
the presence or absence of any resting structures. 
The 24 hour flooding period was insufficient to produce 
a visible reaction in the tested species. This time interval 
would be too brief to allow for maximum formation of 
sporangia, release of zoospores and establishment of the 
fungus on susceptible roots. From observations in other 
1,A.I 
experiments it was noticed that maximum sporangia production 
by mycelium was not achieved until after immersion for 36 
hours in non-sterile soil extract or lake water. 
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The first symptoms in inoculated plants were apparent 
after flooding for 48 hours. There was a . more severe 
reaction in Medicago sativa plants flooded for 48 hours than 
when flooded for 72 er 96 hours. Flooding of the roots for 2 
days appears to be the optimum for infection by P. drechsZeri 
and longer periods of immersion may possibly lead to changes 
in the physiology of the plant roots, making them less 
susceptible to infection. A similar response was noted in 
Cucumis myriocarpus. 
. •. .,. 
Leaves on plants of Carthamus tinctorius flooded for longer 
than 48 hours exhibited marginal necrosis and this was the 
only species to show any sign of infection in the leaves or 
ra}u..\)-, ... ":> \<"-. ,-...~, .. \-,"""- o ~Acz. r::.>~'ts. · ' 
stem9f C. tinctorius showed an increasing reaction to the 
pathogen with increasing flooding time. This was also 
observed by Zimmer and Urie (1967) who suggested that 
prolonged irrigation was conducive to zoospore activity and 
the resulting increase in inoculum potential led to a greater 
incidence of infection. However, Johnson and Klisiewicz 
(1969) thought that factors other than an increase in the 
number of infecting zoospores were involved in this reaction 
and suggested that prolonged irrigation may leach out a host 
resistance factor, or may increase the activity of fungal 
enzymes in hydrated cell walls. 
A slight reduction in the severity of reaction to 
P. drechsleri with increased f loading time was noticed in 
S. marianum, G. max, R. crispus, N. tabacum and N. g Zutinosa, but the 
distinction between no reaction and a very mild one in these 
cases was purely arbitrary. M. sativa, G. max and Carthamus 
tinctorius were the only non-weed species to show signs of 
r 
infection. The other economic plants showed no visible 
reaction to the fungus. 
It was obvious that the reaction of many of the weed 
species, especially Citrullus Zanatus, X. spinosum, and Carthamus 
Zanatus, to inoculation was less severe in this experiment 
than in previous experiments when different inoculation 
methods were used. 
To determine the influence of different inocula on 
infection by P. d.rechsleri of M. sativa, Carthamus tinctorius and 
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G. max, the following experiment was carried out: twenty one 
seedlings of each species were grown in 1:2 vermiculite:sand 
mixture as before and inoculated when 8, 5 and 6 weeks old 
respectively. Seven seedlings of each were inoculated by 
surrounding the hypocotyls with one of the following inocula; 
(a) a 5 mm agar disc cut from a 13 day old culture of 
P. drechsleri on oatmeal agar, 
(b) washed vermiculite as described previously, or 
(c) infected lupin roots as described previously. 
Plants were flooded for 4 days and examined 10 days after 
draining. 
The inoculum potential of the fungus was greatest in the 
agar inoculum and all three species showed a marked reaction 
to it. In M. sativa, the majority of lateral roots near the 
point of inoculation were decayed and a dark brown sunken 
lesion had formed on the taproots adjacent to the inoculum 
plugs. The foliage displayed mild chlorosis. Six of the 
seven safflower plants died from this inoculation and their 
taproots were extensively rotted. The remaining plant was 
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wilted and chlorotic with a reduced and discoloured root 
system. The hypocotyls and upper portion of the taproots of 
G. max displayed longitudinal necrotic streaks and these had 
fused to form a collar in three plants. The necrotic 
cortical cells eventually sloughed off. There was some 
stunting of the plants and the foliage was chlorotic. 
Microscopic examination of all roots revealed spherical 
structures, as noted earlier, in G. max and Carth(J)7TUs tinctorius 
but none were detected in M. sativa. 
M. sativa and G.max displayed a milder reaction to the 
vermiculite inoculum. There were fewer lesions on the roots 
but these were water-soaked and most evident where the 
lateral roots emerged. 
the hypocotyls of G.max. 
There was only sparse streaking on 
All safflower plants were wilted and 
there was extensive necrosis of the hypocotyls and lower 
stems. The lesions were water-soaked and three plants had 
collapsed at ground level. Fungal propagules were only 
observed in macerated root tissue from safflowers. 
The infected lupin roots were the least severe form of 
inoculum and only a slight reaction in M. sativa and G.max was 
evident. Necrotic flecking was sparse although the junctions 
of taproot and laterals were usually discoloured. Four of 
the safflowers were chlordtic and the roots had many lesions; 
the remaining plants appeared healthy although root 
discolouration was apparent. 
In other experiments, roots of Medicago sativa and Xanthiwn 
spinoswn in liquid culture were susceptible to infection by 
zoospores of P. drechsZeri. The root systems became discoloured 
and there was widespread necrosis of root tips. Sporangia 
were produced on the necrotic areas. 
The weed species listed in Table 1 are widespread 
annuals in agricultural lands in Eastern and Southern 
Australia and the more important of these are susceptible 
under laboratory conditions to infection by P. iwechsleri. 
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More importantly, the fungus has now been shown to be capable 
of reproduction within the invaded tissues. The spherical 
structures observed in infected roots are chlamydospores of 
P. iwechsleri (see Chapter Three), and thus the fungus is able 
to survive in the absence of safflower. 
Phytophthora root rot of safflower has been found in crops 
sown in virgin country and P. drechs Zeri has been isolated from 
native Eucalyptus forests in Eastern and Southern Australia 
(Pratt and Heather, unpublished data). The fungus has also 
been isolated from naturally infected saffron thistle 
(Stovold, unpublished data). 
Possession of a dormant structure would enable the 
fungus to persist in soil for many months in the absence of 
safflower. However, with time there would be a natural 
decline in viability and infectivity and eventually this 
would result in eradication of the pathogen. Chlamydospores 
have so far been observed in roots of Carthamus Zanatus, Citrullus 
Zanatus, Chond:rilla juncea, Erodiwn botrys , Echiwn plantaginewn and 
Xanthiwn spinosum. These plants may act as reservoirs for the 
pathogen, maintaining or even increasing its population in 
soil. 
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Carthamus Zanatus developed a hypersensitive reaction to 
infection by P. d:Pechsleri. Rapid death of plant cells invaded 
by, or in contact with, the fungus confined the pathogen to 
the outer cortical tissues. The necrotic streaks seen in 
these plants and to a lesser extent in Glycine max are similar 
to the flecking developed by resistant safflower varieties 
inoculated with P. drechsleri (Klisiewicz and Johnson, 1968). 
In resistant hypocotyls, fungal growth was concentrated in 
fleck areas which seldom exceeded six or seven cell layers of 
the cortex. Although there was a rapid reaction by the host, 
the fungus survived for up to 3 weeks under the experimental 
conditions. Klisiewicz and Johnson reasoned that dead tissue 
-
of infected safflower should not hinder saprophytic growth of 
P. drechsleri unless toxic substances were released. Johnson 
(1970b) suggested that polyacetylenes may have a basic role 
in disease resistance. This may explain why there was no 
continued growth of P. drechsleri in Cartharnus lanatus, and why the 
fungus produced resting propagules. 
This situation differs from that observed in 
P. erythroseptica Pethybridge in which the fungus can penetrate 
and destroy susceptible potato tubers but is unable to 
reproduce in the infected tissue (Vijucic and Park, 1964). 
It is clear that the reaction of the inoculated plants 
is related to the severity of the inoculation and the plants' 
susceptibility to infection. Host range tests for Phy t ophthora 
species have employed a variety of inoculation techniques. 
Kaufmann an Gerdemann (I~) compared eight inoculation 
techniques on soybean varieties resistant and susceptible to 
r 
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P. sojae Kaufmann & Gerdemann and found two methods that gave a 
clear distinction between resistant and susceptible plants. 
These methods involved mixing infested oat grain into soil at 
time of planting, or inserting mycelium directly into 
seedling hypocotyls. Pathogenicity of P. sojae on 13 species 
of plants (10 Legwninosae, three Gramineae) was tested in sterile 
soil by pouring a mycelial suspension on to seeds at planting. 
Only a small number of plants in two leguminous species 
damped-off. Four other species (three Legwninosae, one 
Gramineae) were not killed by insertion of mycelium into their 
stems. Even under these severe conditions the fungus was not 
pathogenic to these plants. 
Hildebrand (1959) inoculated 14 weed species and 34 
cultivated plants with a toothpick method (Young, 1943) or by 
artificially inoculating sterilised soil with P. megasperma 
var. sojae (Hildebrand). Only bean varieties were susceptible 
to infection under these conditions but none of them were 
killed. The pathogenicity of 18 Phytophthora species was 
tested by Tucker (1931) using wound inoculations in plant 
stems and fruits. Satour and Butler (1967) inoculated plants 
with zoo spore suspensions or mycelial fragments of P. capsici 
Leonion and P. parasitica and claimed to have revealed 12 new 
plant hosts for P. capsici. 
Al though P. d:r:iechsleri causes a seedling blight and root 
rot in sugar beet (Beta vulgaris L.), seedling infection under 
natural conditions has not been demonstrated (Schneider and 
Zimmer, 1965) and the pathogenicity of the fungus to 
seedl i ng s has only been shown in the laboratory. 
Pathogenicity o f E drechsleri to sugar beet and safflower was 
observed us ing ble nded agar culture poured onto the soil 
surface, o r by the toothpick method. 
El-Helaly et al. (1968) isolated P. drechsleri from 
naturally infe c t ed vegetable marrow in Egypt and tested its 
pathogenicity o n the sliced mature fruits of watermelon 
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(Citrullus vulgaris Schrad) , sweet melon (Cucwnis melo L. var. 
aegyptiacus) a nd pump kin (Cucurbita sp.) and ori mature fruits of 
snake c ucumber (Cucwnis melo var. flexuosus) and cucumber (Cucwnis 
sat ivus L. ) . As t he s e fruits were susceptible to infection, 
the plants were considered to be hosts of P. drechsleri. 
The question arises as to which plants are alternative 
hosts of P. drechsleri and what criteria must be fulfilled to 
categorise a p l a nt as an alternative host. A plant host-
pathogen l i s t publi s hed by C.M.I. (1968) lists 26 species of 
plants as h osts of P. drechsleri. However, 12 of these species, 
at the t i me of compilation (1961), had not been found 
naturally infected in the field and were the result of host 
range tes ts by various workers using a variety of techniques. 
Since 1961, P. drechsleri has been isolated from three more 
disea s e d species in the field; from vegetable marrow 
(El-Hela ly et al., 1968), from green pepper (Galindo and 
Zentmyer , 1967) and from cineraria (Carranza, 1964 ). 
The naturally infected species from which the fungus has 
been isolated are listed in Table 3 with families and the 
reference to the first isolation. Tucker (1931), Tompkins 
e t a l . (19 36) and Katsura (1958) inoculated those plants in 
.r 
Table 3. Host Range of P. d:rechsleri 
Host Family Reference 
I 
I 
f 
. 
* Albizia stipulata Leguminosae Bouriquet et al. (1959) 
Apple Rosaceae Tucker (1931) ; Tompkins 
et al. (1936) 
Bean Leguminosae Katsura ( 19 58) 
* Beet Chenopodiaceae Tompkins et al. (1936) 
Carrot Urnbelliferae Tompkins et al. (1936); 
Katsura (1958) 
* Celosia plwnosa Amarantaceae Freezi (1950) 
* Chilli (Pepper) Solanaceae Galindo & Zentmyer (1967); 
Tompkins et al. (1936) 
* Chrysanthemum Compositae Freezi (1950) 
cinerariifoliwn 
I, * Coleus sp. Labiatae Freezi (1950) 
Cucumber Cucurbitaceae Katsura (1958); El-Helaly 
et al. (1968); Ershad 
(1971) 
Eggplant Solanaceae Tompkins et al. (1936); 
Tucker (1931); Katsura 
(1958) 
* Gerbera jamesonii Compositae Tompkins & Tucker (1937) transvaalensis 
Melon Cucurbitaceae Ershad (1971) 
* Mucuna deeringiana Leguminosae Sturgess & Egan (1960) 
Papaw Caricaceae Tucker (1931) 
Parsnip Urnbelliferae Tompkins et al. ( 19 36) 
* Partheniwn argentatum Compositae Campbell & Presley (1946) 
* Pelargoniwn zonale Geraniaceae Freezi (1950) 
Plum Rosaceae Katsura (1958) 
* Potato Solanaceae Drechsler (1929) 
* Safflower Compositae Erwin (1950) 
* Senecio cruentus Compositae Carranza (1964) 
* Schinus molle Anacardiaceae Freezi (1950) 
* Tomato Solanaceae Freezi (1950) 
Turnip Cruciferae Tompkins et al. (1936) 
* Vegetable marrow Cucurbitaceae El-Helaly et al. (1968) 
* Watermelon Cucurbitaceae Katsura (1958) 
An asterisk indicates those species found naturally infected in the field. 
Table 3 which have not been found naturally infected by 
puncturing the plant organ and placing mycelium or agar 
culture of P. d:tiechsleri into the wounds under reasonably 
asceptic conditions. 
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It can be argued that many of the techniques employed do 
not approximate infection conditions in the field for that 
group of Phytophthora species which invades underground parts 
of plants and that some of the plant organs used (stems and 
fruits) would rarely be in a position to be infected should 
they be susceptible under field conditions. I question the 
validity of using fruits of apple, plum, tomato, etc., in 
pathogenicity tests for host range studies as these organs 
are rarely in contact with the soil. When such contact 
occurs, they are more likely to be invaded by rapidly growing 
sugar-fungi than by P. drechsleri, especially in the case of 
damaged fruit. Tompkins et al. (1936) found that apples and 
green tomatoes were only infected by this fungus if wounded 
prior to inoculation. 
I inoculated large green camel melon fruits (Citrullus 
lanatus) by making an incision into the rind and placing in 
the wound a 5 mm agar plug of P. drechsleri. Two weeks later 
the fungus had completely ramified through the tissue but no 
reproductive structures were formed (and had not formed after 
6 weeks). Infected tissue buried in moist, non-sterile soil 
for 21 days produced numerous chlamydospores similar to those 
found in the infected roots of Cartharrrus lanatus and X. spi nosum. 
It would, however, be incorrect to claim Citrullus lanatus as a 
host of P. drechsleri on this limited data. 
r 
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To adopt a realistic method of inoculating plants, the 
inoculum should ideally be in the form most likely to be 
found in the soil. Since Phytophthora mycelium does not 
persist long in non-sterile soil, root disease studies should 
not employ mycelium as inoculum. Mycelium of P. parasitiaa when 
added to soil soon produces reproductive structures and 
remaining mycelium becomes lysed (Tsao, 1969). In experiments 
in which P. ~eahsZeri mycelium was placed in non-sterile soil, 
I observed rapid lysis of the mycelium and formation of only 
very few reproductive bodies. 
Zoospores of many Phytophthora species form effective 
inoculum units. They are capable of remaining motile for 
long periods, can swim considerable distances, are attracted 
to roots by chemotactic response and under favourable 
conditions infection and disease development in susceptible 
plant roots occur (Mehrotra, 1970; Hickman, 1970; Zentmyer, 
1970). Turner (1971) used zoospore suspensions to test the 
susceptibility of 43 species of plants in 40 genera growing 
in nutrient solution to ~paZmivora and found this fungus to 
be very specific in its host range under these conditions. 
Johnson and Klisiewicz (1969) inoculated resistant and 
susceptible lines of safflower with zoospore suspensions of 
P. dreahs Zeri. 
I did not use zoospores as inoculum in the pathogenicity 
trials because my isolate of~ ~eahsleri, and two other 
isolates tested, produced very low numbers of sporangia in 
Petri's solution, soil extract solution or lake water. 
Mehrotra (1970) achieved zoospore concentrations of 30,000 to 
40,000 per ml of solution, whereas the highest concentrations 
achieved in my experiments were 150 - 200 zoospores per ml. 
As mentioned earlier, preliminary experiments showed that 
roots of lucerne and Bathurst burr in liquid culture were 
susceptible to infection by P. d:Pechsleri zoospores. 
28 
If infection occurs under field conditions or conditions 
approaching a natural situation, then the infected plant may 
serve as a host to the fungus. Ainsworth (1967) defined host 
as "a living organism harbouring a parasite ... ", and Kenneth 
(1967) defined host as "any organism in which another 
organism spends part or the whole of its existence, and from 
which it derives nourishment or gets protection ... ". By 
providing the fungus with an -exploitable substrate, the 
infected plant is assisting in dispersal of the pathogen in 
time and if the infected tissue is conducive to reproduction, 
the pathogen is more able to tolerate an adverse environment 
and to increase its inoculum potential. This could be the 
situation in native vegetation where P. d:Pechsleri may be 
endemic. In cultivated soils, reproduction would allow 
dispersal in space as well as in time. 
Ideally in the case of weed plants, if the fungus can 
reproduce within the tissue and its presence be tolerated by 
the plant, then a situation approaching commensalism 
(Barrington, 1967) is achieved. Linford (1927) showed that 
Aphanomyces euteiches was not restricted in its pa thogenici ty to 
pea and could produce oospores in the roots of 17 leguminous 
species and some grasses without the host showing much sign 
of infection. The typical fungus flora of hairy Nightshade 
roots (Solanum sarachoides Sendt.) was found by Wilhelm (1956) to 
include nine economically important plant pathogens; these 
pathogens were associated with the root tissue without the 
host showing any definite symptoms. 
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Katan (1971) found that some weed species could act as 
symptomless carriers of Fusarium oxysporum f. sp. Zycopersici 
(Sacc.) Snyd. & Hans. and argued that parasitism and 
pathogenicity were not necessarily related. He suggested 
that the commensal association between Fusarium and plants may 
have preceded the pathogenic association and that 
pathogenicity was a rather accidental, extreme deviation from 
a common balanced relationship between plants and most 
microorganisms in nature. 
CHAPTER THREE 
Studies on Chlamydospores of Phytophthora drechsleri 
Following the observation of chlamydospore- like bodies 
in roots of some inoculated plants, more detailed work was 
carried out to determine their exact nature. 
3.1 Production of Chlamydospores 
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The fungus was isolated from infected roots by the lupin 
baiting technique previously described. The infected lupin 
roots were excised at the hypo~otyl and buried in moist field 
soil for 3 weeks. After this time they were removed, washed 
in running water and macerated in lactophenol cotton blue on 
a microscope slide. Microscopic examination of the resulting 
suspension revealed thick walled spherical structures of 
fungal origin. Those observed were always sparse in 
distribution and so, to facilitate examination, the following 
method was used to produce a greater number of spherical 
bodies per unit area of root. 
Inoculated pieces of lupin root were prepared as 
described in Chapter Two and were buried in moist soil (-0.1 
bar) in 2.5 cmx 5 cm glass vials, four pieces per vial. The 
vials were packed in aluminium tins lined with moist paper 
towelling and the lids sealed with adhesive paper tape to 
prevent water loss. The lids were removed every 3 days to 
facilitate aeration. After 3 weeks incubation at room 
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temperature {20 °C to 23 °C), root pieces were removed a nd 
macerated in lactophenol cotton blue. The suspension was 
spread across the surface of a water agar plate. Examinatio n 
was easier under these conditions than when the suspens i on 
remained on a microscope slide. 
3.1.1 Description of chlamydospores 
The structures observed within this tissue were 
spherical with thick, smooth walls, usually brown but 
occasionally hyaline, Fig. 8. There were always two layers 
of the spore wall apparent and sometimes a third layer was 
discernible. Spore contents 9ften appeared granular wi th an 
off-centre oil globule. The mean diameter of 420 spores was 
8. 0 µm {range 4. 2 - 11. 8 µm) . The walls were 1. 0 - 1. 5 µm 
thick. The spores occurred in chains, in clusters {Figs. 
23 - 25) or singly and apparently arose intercalarily (Fig. 9). 
It is likely that many single spores arose from chains b roken 
during maceration. Spores were not formed in root tissue 
before burial in soil and were not detectable in t i ssue 
buried for less than 7 days. 
Methods similar to those described by Tsao {197 1 ) did 
not induce spore production. Mycelial ~ats, grown in v8 
juice, were placed in test tubes and covered with d istilled 
water or filtered soil extract solution to a depth o f 10 cm. 
The mats were incubated for 3 weeks at 15 °C. Other mats 
were similarly treated and the test tupes were placed in 
vacuum desiccators, the air partially evacuated and replaced 
with nitrogen gas {the aim was to cause an o xygen deficit to 
( 
Fig. 8. Thick walled hyaline chlamydospore of 
P. drechsleri in macerate·d lupin root tissue. 
Hyphae indicated by arrows. 
10.,,,,, 
Fig. 9. Intercalary formation of chlamydospores: 
from agar culture buried in soil. 
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prevent production of sporangia). Soil extract solution was 
also exposed for 5 minutes to sonic disintegration on a MSE 
Sonic Disintegrator at 1.7 amps. The purpose of this was to 
destroy protozoa which encysted in mycelium and look 
remarkably like the spores being sought. These attempts to 
produce spores were unsuccessful, as was the burial of 
inoculated roots in sterilised (autoclaved) soil. 
Similar spores were observed in agar cultures that had 
been contaminated with soil for at least 1 week. Drops of 
liquid corn meal agar (Difeo) were placed on to sterile 
microscope slides to cover an area of about 1 cm square to a 
depth of 2 to 3 mm. The solidified agar was inoculated with 
P. driechsleri and incubated in a moist atmosphere at 25 °C for 
6 days. Moist soil was placed over the agar to a depth of 
1 cm and the slides were incubated for a further 7 days. 
Before examination the Petri dishes were flooded for 1 hour 
with lactophenol cotton blue, the slide removed and the 
remaining soil carefully washed from the agar surface . After 
7 days in soil, there was sparse production of spores and 
these averaged 10.3 µmin diameter (Fig. 10). These 
structures were not discernible in agar buried for longer 
periods due to dense colonisation of the agar by other fungi. 
A water suspension of macerated root tissue was spread 
over the surface of a water agar plate and incubate d at 25 ° C 
for 12 hours. Germinating spherical structures wer e loca t e d 
under the microscope and, with the aid of a dissecting 
microscope, portions of agar containing mycelium were cut 
away from this culture and placed onto antibiotic cornmeal 
agar (Chapter Two). Subsequent isolation verified that the 
Fig. 10. Chlamydospore of P. drechsleri formed in 
agar culture buried for 7 days in soil. 
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spores had originated from P. drechsleri. 
Lupin baiting of inoculated plant roots and buried camel 
melon tissue (see Chapter Two), both of which contained 
spherical structures, successfully reisolated the pathogen, 
thus indicating that these spores are capable of inciting 
disease in susceptible roots. Three other isolates of the 
fungus, from Bateman's Bay, Dubbo and Glen Innes (IMI 133597), 
were treated in a similar manner and these structures were 
formed by all. 
These spores are vegetatively produced and become thick 
walled resting structures. They fit the general description 
of chlamydospores given by Talbot (1971) and Blackwell (1949) 
and it is proposed that these spores are hitherto undescribed 
chlamydospores of P. drechsleri. 
3.1.2 Formation of chlamydospores by other species 
The inoculation and burial of infected lupin roots was 
repeated using P. parasitica, P. cinnamomi, and P. syringae Klebahn. 
Chlamydospores are known to be produced by the first two 
fungi but they have not been recorded in P. syringae (Tucker, 
1931; Freezi, 1950; Waterhouse, 1970). Examination of 
macerated root tissue after 4 weeks burial revealed thick 
walled spherical structures similar to those already 
described for P. drechsleri. A water suspension of the 
macerated roots was spread over water agar plates and 
incubated for 12 hours at 25 °C. The plates were then 
flooded with lactophenol cotton blue. 
r 
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More than 70% of the spores from the three fungi had 
germinated. About half of the germinating P.parasitica spores 
had produced sporangia on very short (about 50 µm) 
sporangiophores (Fig. 11); these sporangia were typical of 
P. parasitica being distinctly papilla te. Chlamydospores of 
P. parasitica illustrated by Tsao (1969, Fig. 3b - 3d) closely 
resemble the spores produced by this fungus in lupin roots. 
Branching germ tubes were produced by spores from the other 
two fungi but no sporangia were formed within 12 hours. 
Plating of small sections of agar containing germinating 
spores on to antibiotic agar enabled the respective fungi to 
be isolated and it was confirmed that the spores were 
produced by each of these three fungi. Spore diameters were 
remarkably uniform as shown by the following data based upon 
200 spores of each species: 
P. cinnwnomi 
P. parasitica 
P. syringae 
Average 8.8 
II 
II 
8.8 
8.7 
µm, 
µm, 
µm, 
range 5 . 2 - 14 . 4 µm 
II 6.4 -11.4 µm 
II 6.4 -11.2 µm. 
It is proposed that these spores are also Phytophthora 
chlamydospores. They have not previously been reported in 
P. syringae (Fig. 12) and the chlamydospores of P. parasitica and 
P. cinnwnomi described in the literature are generally much 
larger, although there is great variability in size (Tucker, 
1931; Freezi, 1950). 
Only one germ tube per spore was ever noticed in any of 
the germinating chlamydospores although these spores of 
P. cinnwnomi and P. parasitica usually give rise to several germ 
tubes (Mircetich and Zentmyer, 1970; Tsao, 1969). 
Fig. 11. Germinating chlamydospore (c) of 
P.parasitica with formation of sporangiophore (sp) 
and sporangium (s). 
r 
Fig. 12. Chlarnydospores of P. syringae in macerated 
lupin root tissue. 
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It is likely that the chlamydospores of these last two 
fungi differ from those produced in culture because of the 
inimical environment in which they are formed. Competition 
for nutrients and antagonism from other microorganisms could 
stimulate the fungi to change from a vegetative phase to a 
reproductive/survival phase and the difference between 
available nutrient source in roots and in agar culture could 
influence the size of the spore produced. 
3.2 Effects of Soil Environment on P. drechsZeri 
3.2.1 Influence on mycelium 
Mycelium of P. drechsZeri does not persist for long periods 
in soil and characteristically has a very low competitive 
saprophytic ability. Phytophthora drechsZeri mycelium was added 
to soil to observe the formation of any resting structures 
and the influence of soil moisture potential and temperature 
upon these structures. Squares of polypropylene mesh (Media 
AP 375; Barrier Filters, Sydney) 1 cm square, were floated 
on nutrient broth in Petri dishes and inoculated in the 
centre with mycelial fragments plucked from the surface of a 
14 day old culture on oatmeal agar. The following were the 
experimental conditions: 
Nutrient media: Dox-yeast broth - 2 g sodium nitrate, 4 g 
potassium dihydrogen phosphate, 0.5 g potassium chloride, 
0.5 g magnesium sulphate, 0.01 g ferric sulphate, 30 g 
sucrose, 0.5 g Difeo yeast extract, 0.02 g thiamine 
hydrochloride, per litre. 
Malt broth - 20 g malt extract per litre. 
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Nutrient concentrations: full strength, quarter strength or 
1/10 strength. 
Soil temperature: 15 °C, 25 °C or 30 °C. 
Soil matric potential (bar): -12.5, -3.2, -0.5, or -0.2. 
A moisture characteristic curve for the soil was 
obtained using a tensiometer and a filter paper method, as 
described by Griffin (1972). 
The pieces of inoculated mesh were incubated at 25 °C 
for 4 days. The mesh pieces were then washed several times 
in water to remove all unassimilated nutrients and placed 
between filter paper to remove excess moisture. Treatments 
were replicated three times and mycelium was examined before 
burial to ensure that no reproductive structures had formed. 
The pieces of mesh were buried in non-sterile soil which had 
previously been wetted to_ a particular matric potential, . in 
5 cmx 2.5 cm glass vials (two per vial), as described earlier 
for lupin roots. The vials were placed in aluminium tins 
lined with moist paper. The potential gradient between the 
saturated atmosphere and the soil was sb small that water 
gain or loss in the soil was negligible. The vials were 
incubated at 15 °C, 25 °C, or 30 °C for 4 weeks. 
Spherical structures were observed in the mycelium 
buried in the wettest soil; these ranged in appearance from 
oospore-like bodies (Fig. 13) to structures resembling the 
chlamydospores found in buried lupin roots. A few bore a 
close resemblance to P. cinnamomi oospores found by Mircetich 
and Zentmyer (1966, Fig. la) in mycelium in fibreglass cloth 
buried in soil. The occurrence of these structures was 
Fig. 13. Oospore-like body in mycelium of P. drechsZeri 
buried in soil. The mesh supporting t he myc elium 
appears as darker areas at either side. 
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generally sparse and the majority were formed at 15 °C and 
25 °Cat -0.2 bar. The nutrient in which the mycelium was 
grown appeared to have little influence on the number of 
bodies formed, but nutrient concentration had a marked effect. 
The number of structures observed at any given matric 
potential decreased with decreasing concentration of the 
nutrient in which the mycelium was originally grown. This 
may have been a result of the decline in the density of 
mycelium in the mesh as more structures were formed in areas 
of dense mycelium than where it was sparse. The number of 
bodies formed declined with decreasing matric potential. At 
the lower potentials, very few of these structures were found. 
None were formed in mycelium ·incubated at 15 °C or 25 °C and 
only a few isolated ones were noticed at 30 °C. The diameter 
of 40 bodies ranged from 3.7 to 8.7 µm with an average of 
7.2 µm. 
As the number of these bodies declined with decreasing 
soil moisture, there was no appearance of an alternative form 
of resting or reproductive structure. Bainbridge (1970) 
showed that soil matric potential had a marked influence on 
the type of spore produced by Pythium uZtimum in soil. At high 
potentials, oospores predominated; at lower potentials, the 
spore type consisted almost entirely of sporangia. 
The isolate of P. drechsZeri used in these experiments is 
not known to be homothallic and because no distinct 
antheridia or oogoni~ walls were observed, it is assumed that 
the oospore-like structures observed in the buried mycelium 
are not oospores. Waterhouse (1950) stated, however, that 
• • • it seems highly probable that all species of II 
Phytophthora may prove to be basically hermaphroditic 
and that the necessity for using two strains for the 
production of oospores is not because the species is 
heterothallic but because some biochemical 
stimulation is required; this might be provided by 
some other means." 
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Perches and Galindo (1967) found numerous oospore-like 
structures without antheridia in tissues of tomatoes and 
potatoes infected by P. infestans (Montagne) de Bary. There was 
no comment on the origin or further identification of these 
spores. 
It was not possible to make any statistical comparisons 
with the above data owing to the scarcity of structures 
produced. Because of this and the fact that P. drechsZeri 
mycelium in any quantity does not exist freely in soil, 
examination of buried mycelium was discontinued. As an 
alternative, root tissue as a medium was used as an indicator 
of the influence of environment on chlamydospore production 
in vivo. 
3.2.2 The influence of infection and burial conditions 
-
on chlamydospore formation in lupin roots 
v8 juice agar at three different osmotic potentia l s , 
-1.25, -10.7, and -28.75 bar was prepared using varying 
amounts of sodium chloride (Table 4). Although the osmotic 
potential of the agar varied slightly with temperature, f or 
ease of statistical analysis these differences of less than 
i. 
. 
Table 4. Amounts of Solutes Added to a Nutrient Medium 
to Yi e ld Media of Known Osmotic Suction 
Amount of solutes (g per 200 g medium) 
Potential* 
* 
** 
*** 
Salts mixture** Sodium 
(-bar) NaCl KCl Na2so4 
Chloride*** 
3.8 0.2785 0.2134 0.2698 
4.4 1.169 
8.8 0 .9009 0.6893 0.8747 
9.48 2.338 
17.5 1.9843 1.5189 1.9255 
18.0 4.676 
27.5 3. 2292 2.4708 3.1354 7.012 
36.65 9.352 
37.5 4.475 3 3.4241 4.3452 
41.4 - 10.519 
42.5 5.0977 3.9001 4.9501 
46.1 11.690 
47.5 5.7213 4.3775 5.5550 
56.0 6.7802 5.1892 6.5906 
65.0 7.9258 6.0662 7.7042 
76.0 9.2935 7.1130 9.0338 
90.0 11.0471 8.4551 10.7382 
97.3 11.9588 9.1529 11.6245 
110.0 13.5604 10.3788 13.1813 
Add the osmotic potential of the nutrient medium used (e.g. v8 agar, 
-1.25 b a r) to these potentials. 
Deri ved f rom Scott (1953). 
Deri ved f rom Robinson and Stokes (1955). 
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-1.5 bar were not taken into account. Pieces of lupin root 
were prepared as described previously and placed onto the 
salt-amended agar to partially equilibrate the water content 
of the roots with the osmotic potential of the agar. Twelve 
root pieces were placed in each Petri dish, 24 pieces per 
potential, and were incubated in sealed plastic bags at 
either 8 °C, 15 °C or 25 °C for 7 days. 
Agar plates at corresponding potentials were inoculated 
with P. drechsleri and incubated in sealed plastic bags at the 
above temperatures for 10 days. The lupin roots were 
transferred to the fungal cultures at the same potential and 
temperature and incubated for a further 7 days. After this 
time, they were buried in non-sterile soil previously wetted 
to either of matric potentials, -0.09 or -4.4 bar, and 
incubated for 7 weeks at 8 °C or 25 °C. The soil was placed 
in glass vials, three root pieces per vial, and trea t ed as 
previously described. The resulting interaction was : 
infection temperature x potential at infection x so i l 
temperature x soil potential. The initial 2 4 roots per 
infection temperature-potential treatment were split four 
ways on burial in soil; six root pieces per soil 
temperature-water potential treatment. 
After the 7 week incubation period, the r oot s were 
removed from soil and gently washed to remove adhering soil. 
Each root piece was macerated in a few drops of wa t e r and the 
slurry wiped as evenly as possible across the surface o f a 
thin water agar plate. The slurry was confined within a n 
area 3 cm x 1 cm previously marked on the plate. Each plate 
was allowed to dry for an hour and was then flooded with a 
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2:1 mixture of lactophenol cotton blue:cotton blue in lactic 
acid. After the stain was absorbed by the agar, a few drops 
of 50% glycerol in water were added and a coverslip placed on 
the area to be examined. The number of chlamydospores per 
100 random fields of view (using a 40 x objective, 10 x. 
eyepiece) was determined for each of six replicates in each 
treatment. 
The results in Table 5 represent the means of the number 
of chlamydospores formed per unit area in six replicates in 
each treatment. The analysis of variance within these 
treatments is represented in Appendix Table 1. As there was 
no significant interaction between the effects of water 
potential at infection and burial temperature, the data in 
Appendix Table 2 represents the means of 12 observations 
within each soil moisture treatment. This table can be used 
to compare results of any two potentials at infection at a 
given infection temperature and soil moisture level. When 
roots were infected at 8 °C or 15 °Con agar of -1.25 or 
-10.7 bar and buried in the drier soil, there was a 
significantly greater number of chlamydospores formed than 
when roots were infected at -28.75 bar. When roots were 
infected at 8 °C and buried in the wetter soil, there was no 
significant difference in chlamydospore -numbers between 
different water potentials at infection. Infection at 15 °C 
or 25 °C, however, with burial in the wetter soil, resulted 
in significantly fewer chlamydospores being formed in roots 
infected at -10.7 and -28.75 bar than in roots at the highest 
potential (-1.25 bar). 
I nfecti on 
t reatments 
bars oc 
-1.25 25 
-10.7 25 
-28.75 25 
-1.25 15 
-10.7 15 
-28.75 15 
-1.25 8 
-10.7 8 
-28.75 8 
Table 5. Influence of Infection and Burial Conditions on 
Chlamydospore Formation in Lupin Roots in Soil 
Burial treatments 
pF 3.65/8 °C pF 3. 65/25 °C pF .\.,..95/8 °C 
10 0. 9737ac 33 l.5055e 6 2 1 . 7789k 
5 0.6855 37 l.5284e 27 1 . 4 250 .Q, 
16 l.773af 26 l.3923efh 47 l . 618 2k.Q,q 
10 0.9980bc 86 1.8901g 64 1.7788m 
11 0.9978b 116 2.0176gjy 31 1.4340 
3 0.4261 34 1.4813h . 43 l.6654mq 
39 l.5758do 166 2.2132lX 47 l.6507no 
41 l.6067dp 131 2.1015ijw so l.6876np 
I 
l.4475hv 8 0.7969 30 45 l.6269nq 
pF 1.95/25 °C 
173 2.2233r 
12 0.9633 
71 l.8419S 
140 2.1222r 
75 l.8473ty 
74 l.8571St 
109.8 2.0319rux 
135 2.1184uw 
88 l.6464SV 
Data represents the number of chlamydospores per 100 fields of view and is the mean of 6 replicates. 
Transformed data are the means of log10 of 6 replicates. 
L.S.D. of transformed data 5% level: Q.2184 
1% level: 0.2881. 
Comparisons can be made between two means providing three of the four treatments are constant for both 
these means. 
Figures with common superscripts are not significantly different at the 5% level~ 
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Data in Appendix Table 3 represent the means of 18 
observations within each infection temperature treatment as 
there was no significant interaction between infection 
temperature, potential at infection and burial temperature. 
From this table, two burial temperatures can be compared at a 
given infection temperature and soil matric potentiai. It 
can be seen that in five out of s .ix cases, the number of ; 
chlamydospores for~ed at a soil temperature of 25 °C is 
significantly greater than the number formed at 8 °C. 
Overall, more chlamydospores were formed in roots buried 
at 25 °C than at 8 °C. Water potential at infection had a 
marked influence only when roots were infected at the higher 
temperature and buried in moist soil. The effect of soil 
moisture on chlamydospore formation was more evident in soil 
at 8 °C than at 25 °C. 
Chlamydospores formed in roots in the drier soil had 
thicker walls than those formed under wetter conditions and, 
in many, the walls were darker and rougher in appearance. 
Temperature of burial did not appear to influence spore size 
or shape. 
When moist soil containing lupin roots and chlamydospores 
was slowly air dried and left in this state for 6 weeks, the 
chlamydospore walls became slightly thicker and much darker 
in colour. Chlamydospores of P. cinnamomi in infested nursery 
soil have thicker walls than those produced in culture 
(Hendrix and Kuhlman, 1965) and Kadooka and Ko (1971) 
observed in naturally infected papaya fruits that as many as 
90% of the chlamydospores of P. palmivora had thick walls. 
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It was noticed in· other examinations that although 
hyaline chlamydospores existed under the same conditions as 
darker ones (Fig. 14), the proportion of hyaline spores 
decreased with increasing time of burial in soil. Spores in 
roots that had been buried for 10 months were entirely dark 
walled. 
It is possible that the darkening of the chlamydospore 
wall is the result of deposition of melanin or related 
substances and this may have a role in enhancing the survival 
capacity of the chlamydospores in soil. Lockwood (1960) 
found that the dark hyphae of Helminthosporium sativum Pam., King 
& Bakke, A lternaria so Zani (Ell. & G. Martin) Sor. and Rhizoctonia 
solani Kuhn were more resistant to lysis than hyaline hyphae. 
The dark chlamydospores of Thielaviopsis basicola (Berk. & Br.) 
Ferr. were shown by Linderman and Toussoun (1966) to resist 
lysis whereas albino chla~ydospores lysed rapidly in soil. 
The ability of certain fungal structures to resist 
digestion by enzymes produced by mycolytic bacteria and 
actinomycetes appears to be correlated with the presence in 
the external surface of melanin or a melanin-like material 
(Bloomfield and Alexander, 1967). Sclerotia of R.solani 
contain a melanin rich rind and conidia of Cladosporium sp. 
-- ... ~ 
have melanin rich spicules. In both spore types, chemical 
digestion only occurred when the external pigmented material 
was removed from the spores. Evidence favouring this role 
for melanins was largely circumstantial until Kuo and 
Alexander (1967) produced direct evidence that melanins are 
related to the resistance of Aspergillus nidulans (Eidam) Winter 
hyphae to microbial digestion. 
Fig. 14. Hyaline and dark chlamydospores of 
P.drechsleri formed under the same conditions. 
( 
I 
J 
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3.3 Observations on Chlamydospore Germination 
The most convenient method of observing germination of 
chlamydospores was to use a slurry of macerated lupin root 
tissue spread over the surface of a distilled water agar 
plate. The plate was incubated for the required period at 
25 °C and then flooded with a 2:1 solution of lactophenol 
cotton blue:cotton blue in lactic acid. This stain was used 
in preference to unamended lactophenol cotton blue as the 
smell was less obnoxious during long periods of examination 
of the agar. (Attempts to formulate an effective but 
comparatively odourless stain from cotton blue, methylene 
blue, etc., were not successful.) When the stain had been 
absorbed by the agar, a coverslip was mounted in 50% glycerol 
in water and the agar examined under oil immersion. 
The term "germination" is used here to mean the act of 
protrusion of the germ tube from the spore wall (Manners, 
1966). 
The first noticeable change within the chlamydospore 
occurs 2. 5 - 3 hours after the root suspension is dispersed 
over the agar. This change involves an apparent contraction 
of the protoplasm away from the spore walls to a greater 
extent than occurs in spores stained immediately after tissue 
maceration. Soon afterwards; the protoplasm lies off-centre 
against the spore wall and, in many spores, this portion of 
the wall in contact with the protoplasm appears to be thinner 
than the remaining wall. 
In successively stained preparations, this segment of 
the spore wall commences to 'erode' until in many 
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chlamydospores a distinct break in the spore wall is 
noticeable (Fig. 15). It is through this 'pore ' that the 
germ tube emerges (Fig. 16). There is no a pparent connection 
between the germ tube wal l and the walls of the spore. The 
wall of emerging germ tubes in conidi a of PeniaiZZiwn frequentans 
Westling, Byssoahlamys f ulva Olliver & Smith and Botrytis ainerea 
Fries, however, is a continuation o f the inner layer of the 
original spore wall (Hawker, 19 66 ). 
Examination of chlamydospores in unstained preparations 
was unsatisfactory. Even though s pore conce ntr ation in lupin 
roots was higher than achieved in other methods, t heir 
density on the agar surface was often as low as one spore per 
10 fields of view (under a 40 x objective ) and spor es we re 
difficult to locate and examine if no stain was used. If the 
root suspension was confined to a smaller area o f agar or 
mounted on a microscope slide, chl amydospores were obscured 
by plant cells and soil particles. Examination of a small 
number of unstained spores by phase contrast il l umination 
showed, however, that staining with lactophenol cotton blue 
did not cause contraction of protoplasm and hence did not 
give the spore wall a thicker appearance. 
The shortest time for germ tube emergence was about 160 
minutes, but after 4 hours the germination often r eached 55%. 
More than 98% of spores germinated with only one ger m tube 
and chlamydospores with more than one germ tube were thus 
rarely found (Fig. 17). This is contrary to the situation in 
P. ainnamomi (Mircetich et a l ., 19 6 8) . Germ tubes grew and 
branched freely to form an established mycelium. Germ tubes 
terminating in sporangia were never observ ed. 
10,,vm 
Fig. 15. Erosion of the chlamydospore wall (arrow) 
at the point of contact with protoplasm. 
Fig. 16. The germ tube emerges through the 'break' 
in the spore wall. 
r 
11 
I . 
I 
Fig. 17. Chlamydospores apparently producing more 
than one germ tube were rarely found. 
, 
I 
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There was no measurable increase in the size of 
chlamydospores during the pre-germination period. In many 
instances prior to germ tube emergence, however, the spore 
protoplasm appears to 'shed' at least one of its walls (Fig. 
18) and a distinct crack is often noticeable in the spore 
wall (Figs. 19 - 20). The protoplasm and new germ tube are 
then lying outside the original walls of the spore. This 
suggests that spore contents may increase in size causing the 
relatively rigid spore walls to split prior to germination. 
Again, there is no discernible change in spore volume and 
only a quarter to one third of the germinating spores exhibit 
this behaviour (cf. Figs. 21 - 22). The separation of 
protoplasm from the original · spore does not occur under 
conditions unfavourable to germination and this phenomenon 
does not appear to have a deleterious effect on subsequent 
germ tube growth and survival. Thin areas in the 
chlamydospore walls of P. cinnaJ71omi were observed by Mircetich 
et al. (1968) but they did not state whether these were always 
present or if developed during the period prior to 
germination. 
There appears to be no mention in the literature of 
volume changes in spores of Phytophthora or related genera. 
Yarwood (1936) reported a shrinkage in -conidia of Erys i phe 
po~goni DC. during germination but this was disputed by 
Brodie and Neufeld (1942) who observed no change in spore 
size. In most fungi, germ tube emergence is preceded by 
swelling of the spore (Hawker, 1966). Sporangiospores of 
Rhizopus arrhizus Fischer have an almost threefold increase in 
diameter prior to germination (Ekundayo and Carlile, 1964). 
Fig. 18. 'Shedding' of at least one spore wall (w) 
by a chlamydospore prior to germ tube emergence. 
Fig. 19 
1~m 
Fig. 20 
Figs. 19-20. A split is often noticeable in the spore 
wall 'shed' by the chlamydospore; this suggests 
that the spore contents may swell prior to 
germination (s = split in wall; g = germ tube). 
Fig. 21. Germination of a particularly thick walled 
chlamydospore without any apparent variations in the 
normal spore shape: cf. Figs. 18-20. 
(g = germ tube; x = ungerminated spore) 
Fig. 22. The separation of protoplasm from the original 
spore wall/s occurs in less than one third of 
germinating chlamydospores. The majority exhibit few 
noticeable changes prior to germination, as illustrated 
in the above photograph. 
r 
/ . 
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Initiation of germination required fructose or glucose and 
Ekundayo (1966) reported a 500% increase in the dry weight of 
these spores before germ tube emergence. Yarwood (1936) 
reported a volume increase in spores of Colletotrichwn trifolii 
Bain and Monilinia fructicola (Wint.) Rehm, and Barnes and 
~ 
Parker (1967) measured size increases in Trichoderma sp. spores 
during germination. 
In a review of morphological and anatomical changes in 
germinating spores, Hawker (1966) noted that spores which 
normally produce germ tubes only after considerable swelling 
are unable to germinate in the absence of glucose, whereas 
those which can germinate in water undergo little or no 
swelling before germ tube emergence. The uptake of wa!er may 
only be subsidiary to other changes which take place in the 
swelling spore. In germinating conidia of Fusarium culmorum 
(W.G. Smith) Sacc., metabolic pathways are involved in the 
swelling process which may be initiated by the formation of 
glucosamine within the spore (Marchant and White, 1967). A 
similar situation appears to exist in spores of Penicillium 
atrovenetum G. Smith (Gottlieb and Tripathi, 1968) and more 
recently Martin and Nicolas (1970) showed that exogenous 
carbon and nitrogen sources were necessary for swelling and 
germination of conidia of Penicillium notatum Westl. and 
Trichoderma lignorwn (Tode) Harz. Germination in these fungi 
was an energy-utilising process requiring active protein 
synthesis. 
The high germination achieved with chlamydospores of 
P. d.:riechsleri in these experiments was surprising, because 
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P. cinnamomi chlamydospores require an exogenous nutrient 
supply for germination and germination does not occur in 
distilled water (Mircetich et al., 1968). Glucose, fructose 
and sucrose did not induce germination and ammonium sulphate 
and potassium nitrate were non-stimulatory when used as a 
sole source of nitrogen. Amino acids, however, greatly 
enhanced chlamydospore germination. There are somewhat 
similar requirements for P. parasitica chlamydospores (Tsao, 
1969) although they will germinate in moist, unamended 
natural soils. 
During maceration, stimulatory substances may be 
released from the root tissue which, together with possible 
abrasion of the spore wall during this process, are 
sufficient to promote germination. In order to remove some 
of the nutrients that may be brought into solution by 
maceration, chlamydospores were washed on a Millipore filter 
and subsequent germination was observed. 
Two 1 cm pieces of lupin root containing chlamydospores 
were macerated in a few drops of water on a microscope slide. 
The suspension was spread over the exposed surface of a 
Millipore filter (1.2 µm pore size) mounted on a vacuum 
filter apparatus. A weak suction was applied and 75 ml of 
distilled water were added slowly over a 30 minute period. 
The filter was then placed on the surface of a distilled 
water agar plate, suspension side uppermost, and incubated at 
25 °C for 11.5 hours. The control consisted of unwashed root 
suspension on a Millipore filter on a water agar plate 
incubated for 12 hours. There were three replications. 
After incubation, the filters were stained in lactophenol 
cotton blue and mounted in cedar wood oil for examination. 
The average germination of unwashed spores was 35%, 
while 30% of the washed spores germinated. This difference 
is significant at the 5% level. 
Washing may have removed some of the nutrients 
' 
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surrounding the spores, but if the spore wall was damaged by 
tissue maceration, then it is possible that washing also 
removed nutrients from the actual spores and it may have been 
this factor that influenced germination. 
Water agar is not completely devoid of nutrients which 
may have a stimulatory effect on chlamydospore germination. 
Although the root slurry may -have contained exogenous 
nutrients, germination on a completely inert material was 
observed to see if it differed significantly from germination 
on water agar. Silica gel was prepared according to the 
recipe given by Parkinson, Gray and Williams (1971) and 
dispensed into Petri dishes. The water of syneresis was 
poured off, the slurry wiped across the gel and the dishes 
incubated in a moist atmosphere at 25 °C for 12 hours. The 
control consisted of water agar treated in a similar manner. 
There were six replicates. The mean germination on water 
agar was 74% and on silica gel, 60%. These values are 
significantly different at 0.1% level. 
Because of the considerable germination on the inert gel, 
it can be assumed that sufficient nutrients are available in 
the macerated root tissue; although Tribe and Mabadeje 
(1972) studied the growth of eight fungi on silica gel media 
and found that seven of them were capable of microscopic 
growth and sporulation. They concluded, after extensive 
efforts to remove all nutrients, that these fungi were 
deriving carbonaceous nutrients from the atmosphere. 
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Thus, it is apparent that nutritional studies involving 
chlamydospores of P. drechsZeri will be difficult until these 
spores can be separated in large quantities from plant cells 
or until they can be produced axenically. 
Germination of chains and clusters of P. drechsleri 
chlamydospores occurred as readily as germination of single 
spores. In many cases, all spores in the chain had 
germinated after 12 hours (Figs. 23 - 25), and it would appear 
that each spore is independent of other spores in the chain. 
Brodie (1945) noticed in spore chains of Erysiphe graminis DC. 
that germination decreased as chain length increased and that 
germination occurred only at the ends of the chain and never 
in the middle. In spore chains of UncinuZa necator (Schw.) 
Burr., however, Delp (1954) found that up to six spores in a 
continuous chain would germinate but germination decreased in 
chains of greater length. 
3.4 The Influence of Oxygen on Chlamydospore Germination 
The concentration of oxygen within - the macro-pores of a 
soil rarely falls below 10% (Russell, 1961), unless the soil 
becomes compacted or waterlogged. Within a saturated soil 
aggregate, however, the concentration of oxygen may be low 
(Griffin, 1969, 1972) because of the small diffusion 
coefficient of oxygen in water. Soil aeration, therefore, . 1S 
intimately associated with soil moisture (Griffin, 1963). 
Figs. 23-25 (over). Germination of clusters of 
chlamydospores occurred as readily as that of single 
spores. It is likely that many single spores arose 
from clusters or chains separated during maceration. 
23 
24 
10 )lfTJ 
25 
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The influence of soil atmosphere on fungal ecology, especially 
under flooded conditions, has been extensively reviewed by 
Tabak and Cooke (1968). It is well documented that oxygen 
can be a limiting factor for growth of fungi in 
microhabitats within the soil (Sewell, 1965; Griffin, 1966, 
1969, 1972), and although much work has been done on the 
influence of carbon dioxide on fungal activity, its 
importance in soil is unresolved (Griffin, 1969, 1972). 
The activity of root rot ting Phytophthora species in soil 
is generally enhanced under flooded conditions and several 
possibilities have been suggested to account for this: 
, 
excess soil water may affect the predisposition of a host to 
infection; flooded soils provide a suitable medium for the 
reproduction and activity of zoospores; and many Phytophthora 
species are reported to be tolerant to soil atmospheres 
containing low oxygen and _high carbon dioxide concentrations 
(Dukes and Apple, 1965; Stolzy et al., 19 65; Mitchell and 
Zentmyer, 197la,b). There are other factors which may also 
influence fungal activity. Stover (1962), working with 
Fusariwn oxysporum f. cubense (E. F. Sm. ) Snyd. & Hans. , found that 
' 
a microenvironbent of high partial pressure of carbon dioxide 
and low partial pressure of oxygen may induce wounding in 
banana roots as well as inhibiting wound healing processes. 
The review by Tabak and Cooke (1968) suggested that 
accumulation of carbon dioxide and depletion of oxygen 
resulting from initial decomposition of substrates may be a 
factor which enhances successful competition of the root 
infecting fungi with rhizosphere microbes. A marked change 
in atmosphere would inhibit a substantial proportion of 
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primary decomposers thereby providing a further advantage to 
a pathogen tolerant of these conditions. 
Although a great deal of work has been done on growth 
and sporulation under differing aeration regimes, there is 
little evidence in the literature on the effects of oxygen 
upon germination of chlamydospores. Cochrane (1958) reviewed 
oxygen requirements for spore germination and concluded that 
germination required at least some oxygen though it was 
unlikely that it would be prevented by oxygen deficits except 
under conditions of water saturation, either generally or in 
microsites within soil aggregates. Reviews on spore 
germination by Cochrane (1966) and Sussman (1966) made no 
comment on oxygen requirements. 
Safflower root rot incited by P. drechsleri generally 
occurs under wet conditions. If chlamydospores are to act as 
survival propagules of this fungus, then they must be capable 
of germination in conditions of low oxygen concentrations. 
The effects of oxygen concentration and nutrient source 
on chlamydospore germination were studied to determine the 
behaviour of these spores under conditions of poor aeration. 
Ideally this study should have been carried out in moist soil , 
but because of their size and the numbers in which they were 
produced, it was difficult to locate chlamydospores plus 
intact germ tubes in soil in sufficient numbers for 
examination. 
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Experimental procedure 
(a) Nutrient source 
Distilled water agar (30 g Difeo No. 3 agar per litre) 
containing sucrose (3.1 g per litre), L-asparagine (1.34 g 
per litre), ammonium sulphate (1.092 g per litre) or sucrose 
and ammonium sulphate mixture (at the above concentrations) 
was prepared and dispensed into 9 cm plastic Petri dishes, 
15 ml per dish. The depth of agar was about 2.2 mm. The 
nutrient concentrations were calculated to approximate those 
of Cook and Schroth (1965). 
Before use, the agar plates minus lids were placed in a 
vacuum desiccator, the air exhausted and the atmosphere 
replaced with nitrogen gas. The plates remained here for 15 
hours to reduce the oxygen content of the agar (Smith and 
Griffin, 1972). A suspension of macerated root tissue, as 
used previously, was spread across an agar plate which was 
then immediately cut into 4 x 1.5 cm pieces and each piece was 
placed in a 65 x 25 mm glass vial. Nitrogen was blown into 
the tubes for 5 seconds to dispel air and the tubes were 
attached directly by means of rubber tubes to the side arms 
of a diffusion column. There were six vials to each gaseous 
concentration. 
(b) Control of oxygen concentrations 
The concentration of oxygen in the vials was controlled 
using a brass diffusion column (Griffin et al., 1967). This 
is a sand-filled tube with side arms along its length. When 
selected gas concentrations are applied at both ends of the 
column at an equal pressure, steady-state diffusion of the 
gases results in the maintenance of a predictable 
concentration gradient along the column. 
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In preliminary experiments, commercial nitrogen gas was 
passed into the displacement chamber at one end of the column 
and air was passed into the other end of the column by means 
of a small aquarium air pump. The flow rate was maintained 
at approximately 0.5 l per minute. In all later experiments, 
commercial oxygen and nitrogen were mixed in the laboratory, 
25 parts oxygen to 475 parts nitrogen, and this mixture was 
used in lieu of air at one end of the column. The gases were 
mixed after passing through F & P Precision Bore Flowrator 
tubes to maintain the flow rate of the corresponding gas. 
This allowed an oxygen gradient from 4.75% to 0.2% oxygen. 
As the concentration of oxygen along the column was 
linear, the concentration at any of the outlets was easily 
determined by graphing oxygen concentration against column 
length. Gas concentrations were periodically checked using a 
Beckman Fieldlab oxygen analyser. The chlamydospores on the 
agar were exposed initially to atmospheres containing partial 
pressures of oxygen of 0.002 atm, 0.124 atm and 0.21 atm, and 
in later experiments to oxygen concentrations of 0.002 atm, 
0.006 atm and 0.0105 atm. The gases in the column were 
allowed to reach a steady state over a period of 36 hours 
before the start of each experiment. 
It was assumed that the atmosphere of a glass vial came 
into equilibrium with that of the corresponding zone of the 
diffusion column within an hour after attachment (Griffin and 
54 
Nair, 1968). The ambient temperature in the laboratory was 
maintained at 24 °C to 25 °C. The vials were removed after 4 
or 12 hours and the agar pieces were stained in lactophenol 
cotton blue. This procedure was repeated using each of the 
nutrient agars and unamended distilled water agar. 
Agar pieces were mounted in 50% glycerol in water for 
examination under a 40 xobjective. One hundred and fifty 
.chlamydospores per replicate (900 per treatment) were 
examined and germination expressed as the percentage of 
spores possessing a discernible germ tube. 
3.4.1 Results and discussion · 
The germination percentages of chlamydospores under 
varying partial pressures of oxygen and nutrient conditions 
are summarised in Table 6 . . 
In preliminary experiments where chlamydospores were 
exposed to oxygen partial pressures of 0.124 atm and 0.21 atm, 
germination approximating that achieved in air (0.21 atm) was 
observed at the lower partial pressure. The concentration 
gradient was too great in this case to achieve gradual 
increases in partial pressures at the column outlets so the 
oxygen/nitrogen mixture was substituted for the air at one 
end of the column. Because of the impurity in the commercial 
nitrogen gas of 0.2% oxygen, a partial pressure of oxygen 
lower than this could not be easily obtained. 
The results show that marked differences occurred in the 
percentage germination of chlarnydospores in different oxygen 
concentrations. Germination occurred in some of the 
( 
Table 6. Percentage Germination of P. d:Pechsleri Chlamydospores 
Under Different Oxygen Partial Pressures and Nutrient Conditions 
Oxygen partial pressure 
Time Nutrient source (atm) (hours) 
0.002 0.006 0.0105 
Water agar oa 25.9 32.1 
Water agar plus: 
4 Ammonium sulphate 0.6a 12.2b 22.6d 
L-asparagine 0.22a ll.9bc 13.lc 
Sucrose oa 12.2b 42.9 
Sucrose plus Ammonium sulphate 0.47a 12.3b 28.ld 
Water agar 15.1 59.3gj 59.6hij 
Water agar plus: 
12 Ammonium sulphate 4.0ef 23.l 35.2 
L-asparagine 3.0ef 61.3gk 57.2hk 
Sucrose 4.7e 78.0.Q, 82.3.Q, 
Sucrose plus Ammonium sulphate l.8f 67.lm 63.Sim 
Each value is the mean of six replicates. 
All treatments are highly significant (0.1% level). Figures with 
common superscripts are not significantly different at the 5% level (see 
Appendix Table 4). 
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replicates within 4 hours in 0.002 atm: there was no 
significant difference between nutrient treatments although 
more spores germinated on agars amended with nitrogen sources 
than on unamended water agar. (All significant differences 
in this discussion are at the 5% level unless otherwise 
indicated.) In the next highest oxygen concentration, there 
was a marked increase in germination in all treatments but 
germination on water agar (25.9%) was double that on any of 
the amended agars. All treatments within the highest oxygen 
level were significantly different. 
When chlamydospores were exposed for 12 hours to these 
conditions, germination was much higher and was significantly 
greater than that occurring after incubation for 4 hours. At 
the lowest oxygen partial pressure after 12 hours, 
germination on water agar (15.1%) was at least three times 
that occurring on any of the other treatments and sucrose 
plus ammonium sulphate caused a significant drop in 
germination compared to the other nutrient agars. There was 
little difference between germination in the two highest 
oxygen concentrations. The only treatment showing a 
significant increase in germination with increasing oxygen 
partial pressure was ammonium sulphate, _from 23.1% to 35.2%. 
At 0.0105 atm, the germination on ammonium sulphate amended 
agar (35.2%) was significantly less than on any of the other 
treatments, including water agar (59.6%) (Fig. A). The 
highest germination (82.3%) was achieved on sucrose amended 
agar at 0.0105 atm. 
The combination of added carbon source, sucrose, and an 
inorganic nitrogen source, ammonium sulphate, did not induce 
"\ 
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Fig. A. Percentage germination of P. drechsleri chl amydospores and percentage septation of 
resulting germ tubes, under differing oxygen partial pressures and nutrient conditions, 
after 12 hours. 
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a significantly greater germination than that achieved when 
either of these two nutrients were used alone . At the two 
highest oxygen partial pressures, the combined nutrient 
source induced an increase in germination above that obtained 
on ammonium sulphate alone, but a decrease from germination 
on agar with only an added carbon source. At 0.0105 atm, an 
added carbon plus nitrogen source did not increase 
germination significantly above that achieved on water agar. 
Adding an energy source to water agar in the form of 
sucrose resulted in significant increases in germination at 
0.0105 atm after 4 hours, and at 0.006 and 0.0105 atm after 
12 hours. The existence of carbohydrates in soil is somewhat 
ephemeral and carbon rather than nitrogen could be the first 
factor to limit spore germination (Cook and Schroth, 1965). 
It is evident from the data in Table 6 that adding sucrose as 
an energy source to the basal water agar causes an 
accelerated germination at higher oxygen levels. Cook and 
Schroth (1965) obtained about 23% germination in 
chlamydospores of Fusarium solani (Mart.) Appel & Wr. f. phaseoli 
(Burk.) Snyd. & Hans. in soil with 0.05 M sucrose, whereas I 
observed germination of P. drechsleri chlamydospores of 82% 
using 0.009 M sucrose; this could well be due to the 
nutrient "sink" existing in soil. 
Amino acid nitrogen has been found to be stimulatory to 
germination of chlamydospores in P. cinnamomi (Mircetich and 
Zentmyer, 1970) and F. solani (Cook and Schroth, 1965). A 
somewhat different situation was observed with P. drechsleri 
chlamydospores. With the exception of sparse germination at 
the lowest oxygen partial pressure after 4 hours, the 
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addition of inorganic nitrogen or amino acid nitrogen to 
water agar did not significantly increase the germination 
above that obtained on water agar under any of the oxygen 
treatments. In fact, the use of ammonium nitrogen resulted 
in large reductions in germination in all treatments and even 
when combined with sucrose,. achieved a significantly greater 
germination percentage (compared to water agar) on only one 
occasion (0.006 atm for 12 hours). 
Germination on the L-asparagine amended agar was greater 
than on ammonium sulphate amended agar in the 12 hour period, 
but not when incubated for only 4 hours. It is possible that 
the inorganic nitrogen is assimilated more rapidly in the 
early stages of germination than is nitrogen from in amino 
acid source which has a greater stimulatory effect after a 
longer period. Very few fungi are unable to utilise ammonium 
nitrogen. Ammonia is capable of entering many cells by free 
diffusion of the undissociated molecule. The uptake of 
ammonia by Penicilliwn griseofulvwn Dierckx. and Fusariwn 
graminearwn Schw. 9an reach an equilibrium level after 1 hour 
(Nicholas, 1965). Both oxygen and an exogenous carbon source 
are required for the utilisation of ammonium nitrogen. It is 
generally believed (Cochrane, 1958) that the major and 
primary reaction of assimilation is the formation of glutamic 
acid from which other amino acids can be formed by 
transamination. Amino acids, on the other hand, are utilised 
directly by most fungi and available evidence (Nicholas, 1965) 
suggests that they are incorporated directly into proteins. 
Cameron and Milbrath (1965) found that the dry weight of 
P. drechslerimycelium grown in liquid culture for 28 days and 
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supplied with L-asparagine was nearly double that obtained 
when nitrogen was supplied in an inorganic form (ammonium 
nitrate). Asparagine causes a decrease in the germination of 
P. parasitica chlamydospores when added to non-sterile soil 
(Tsao, 1969). 
L-asparagine is a source of both carbon and nitrogen, 
and although no attempt was made to equilibrate the carbon 
and nitrogen content of the sucrose plus ammonium sulphate 
amended agar with that of the amino acid, it could be 
expected that a simil~r trend in germination would be 
observed on these two amended agars. This did in fact occur 
and was particularly noticeable after 12 hours when there was 
little difference between germination induced by L-asparagine 
and sucrose/ammonium sulphate at any of the oxygen 
concentrations. Although this difference is significant at 
the 5% level, it is not at the 1% level. 
The question arises as to why germination was generally 
greater at most oxygen levels on unamended water agar than on 
agars amended with nitrogen sources or sucrose plus ammonium 
sulphate. It was noticed that bacterial numbers increased 
appreciably on those agars to which a n~trogen source had 
been added and this was most noticeable in the 12 hour 
treatment. Many chlamydospores were surrounded by a 
bacterial zone, six to 10 cells deep, and the presence of 
bacteria lining the out~ide of the germ tubes was not 
uncommon (Fig. 30). 
The effect of the bacteria appears to be threefold: 
(a) many spores encased in a bacterial sheath lysed before 
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germination commenced (Fig. 26), whereas (b) others at higher 
oxygen levels failed to germinate although they appeared 
unaffected by the bacteria. The lysis of chlamydospores most 
probably results from a combination of bacterial deprivation 
of the spore of oxygen and nutrients, and from the production 
of toxic metabolic products and lytic enzymes by the bacteria. 
The failure of apparently normal chlamydospores to germinate 
could be preliminary to autolysis. Although this is 
generally a result of energy source starvation, autolysis may 
also occur if utilisation of an energy source is prevented by 
a lack of oxygen (Brian, 1960). The bacteria surrounding a 
spore serve as a sink for oxygen and nutrients arriving at 
the spore and if the spore wall is somewhat damaged, as 
discussed earlier, then they would also provide a negative 
nutrient gradient for materials diffusing from the spore. 
Even at the highest partial pressure of oxygen used, oxygen 
could be a limiting factor for chlamydospore germination in 
areas where bacterial activity is increased by added nitrogen. 
(c) It was observed in the stained preparations that 
breaks occurred in the protoplasm of many germ tubes on the 
nitrogen amended agars (Fig. 27). Some gaps were 2 - 4 µm 
wide whereas others were barely discernible. It was common 
for a break to form at the point of emergence from the spore 
and there was always at least one gap within 30 µm of the 
chlamydospore. Staining of mycelium of young P. d:riechsleri 
cultures on water agar revealed that these breaks were not 
artifacts that developed as a result of staining by 
lactophenol cotton blue. Closer examination showed that 
these protoplasmic gaps occurred prior to formation of cross 
Fig. 26. Many of the chlamydospores encased in a 
bacterial sheath lysed before germination. 
Fig. 27. Breaks in the protoplasm (arrow) of germ 
tubes occurred at regular intervals and is 
thought to be due to the presence of bacteria. 
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walls within the germ tubes (Figs. 28 - 29). When first 
observed, it was thought that this septation was preparatory 
to lysis of the germ tubes, but it was then noticed that 
these germ tubes were capable of branching and of continued 
growth despite the presence of the septa. 
Frequency of germ tube septation appears to be 
correlated with bacterial activity, although the nature of 
the correlation is not known. Stanghellini and Hancock (1971) 
studied the germination of Pythiwn ultimum sporangia in soil 
and observed that when lysis of a germ tube commenced, 
protoplasm was retracted into the parent sporangium with 
formation of septa during thi~ retraction. Septa did not 
form in germ tubes of less than 100 µmin length. Under 
conditions capable of supporting extensive hyphal growth, 
sporangia were completely evacuated of protoplasmic contents 
and a septum was formed within the first 25 µm of germ tube 
length; as the protoplast moved forward, successive septa 
were formed. In germinating P. drechsleri chlamydospores, the 
appearance of septa and empty intrahyphal segments were 
unlikely to be attempts at protoplasmic conservation as no 
forward movement of protoplasm with increasing germ tube 
length was observed. Septa were formed before the spore was 
completely emptied of protoplasm, and were laid down as the 
germling grew. 
Table 7 indicates the percentage of germ tubes 
possessing cross walls. Degree of septation was high on 
agars amended with sucrose (82%), ammonium sulphate (77.2%), 
and sucrose plus ammonium sulphate (73.9%). Bacterial 
numbers on the sucrose amended agar were higher than on wate r 
Time 
(hours) 
4 
12 
Table 7. Percentage of Germ Tubes from P. d:Pechsleri 
Chlamydospores Possessing Cross Walls Under Differing 
Oxygen Partial Pressures and Nutrient Conditions 
Oxygen partial 
Nutrient source (atm) 
0.002 0.006 
Water agar 0 4 _8afn 
Water agar plus: 
Ammonium sulphate 0 5.7a 
L-asparagine 0 l.9bg 
Sucrose 0 2.4b 
Sucrose plus Ammonium sulphate 0 0.9bh 
Water agar - 13.6ik 3.9.Q.n 
Water agar plus: 
Ammonium sulphate 12. 7 1 19.1 
L-asparagine 0 34.4m 
Sucrose 0 72.4 
Sucrose plus Ammonium sulphate 0 59.0 
Each value is the mean of six replicates. 
pressure 
0.0105 
3.9cf 
13.2d 
2.3ceg 
11.6d 
0.7eh 
8.4k.Q, 
77.2j 
38.6m 
82.0j 
73.9j 
All treatments are highly significant (0.1% level). Figures with 
common superscripts are not significantly different at the 5% level (see 
Appendix Table 5). 
Fig. 28 
Fig. 29 
Figs. 28-29. The development of breaks within germ 
tube protoplasm was usually followed by the 
formation of cross walls (arrows). The septa did 
not affect the subsequent growth of the germlings. 
IOJIA> 
Fig. 30. The presence of bacteria (arrow) lining the 
outside of a germ tube was common and usually 
resulted in lysis of the germling. 
agar, although highest percentage germination occurred on 
sucrose agar. This latter treatment also had the highest 
percentage of germ tubes with cross walls. 
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Some lysis of germ tubes on nitrogen amended agars was 
observed without the prior formation of septa (Figs. 30 - 32) 
so septation is not necessarily indicative that lysis will 
occur. The term "lysis" is used here in the sense of 
mycolysis, the dissolution of both protoplast and cell wall, 
as defined by Lloyd and Lockwood (1966). The lysis of germ 
tubes may, however, be autolysis. Results of Ko and Lockwood 
(1970) indicate that autolytic enzymes in mycelia are 
activated due to nutrient deprivation imposed by microbial 
activity. Death results when cell constituents are dissolved 
by the activated enzymes and the remaining lysed mycelia are 
degraded at a later stage by enzymes produced by other 
. . 
microorganisms. 
Lysis was more noticeable in ungerminated chlamydospores 
than in germ tubes. Steiner and Lockwood (1969) observed 
that fungal mycelia appear to represent the stage of 
germination least sensitive to soil fungistasis. Because 
there is no equivalent to a germination lag phase, hyphal 
extension can commence immediately upon exposure to nutrients. 
Dix (1972), however, cautioned against extrapolating the 
effects of soil fungistasis from one parameter of germination 
to another. He stated "that a complete assessment of the 
ecological effects of fungistasis on spore germination in any 
funga~ species can only be obtained by measurement of its 
effect on all three parameters of germination": (viz. speed 
of germination, the final percentage germination, and the 
Fig. 31 
Fig. 32 
Figs. 31-32. Many germ tubes lysed before septa were 
observed and it is thought that the formation of 
cross walls is not necessarily indicative that 
lysis will occur. 
11 
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growth rate of germ tubes). "Measurements of single 
parameters could lead to the confusing situation in which the 
relative sensitivity of a species might appear to vary with 
the method of assessment." 
If the presence of septa in germ tubes is indicative of 
an inimical environment and if they do detrimentally 
influence germling survival (though there is no evidence in 
these experiments that they do), then conditions for maximum 
chlamydospore germination are not the conditions which are 
favourable for maximum germling survival. At 0.0105 atm for 
12 hours, water agar promoted least septation although 
germination was not at its ma~imum on this agar. Cook and 
Snyder (1965) observed that nutritional conditions favouring 
rapid, abundant chlamydospore germination of Fusariwn solani f. 
phaseoli in soil were not correlated with conditions favouring 
growth and survival of the fungus during ectotropic growth in 
soil. 
In the above experiments, lysis was not particularly 
common and although it did not occur on water agar, there was 
no distinct difference between the influence of one nutrient 
and another. 
Sporangia of Pythiwn ultimwn in soil are capable of 
regermination, after retracting protoplasm as a survival 
mechanism, at low nutrient levels and the soil population is 
maintained by formation of terminal or intercalary sporangia 
in germ tubes at high nutrient levels (Stanghellini and 
Hancock, 1971). Farley et al. (1971) found that on drying and 
remoistening infested soil, microsclerotia of Verticilliwn 
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albo-atrwn Reinke & Berth. were capable of regermina tion and 
sporulation nine consecutive times, although percentage 
germination declined with succeeding germinations. This is 
similar to the behaviour of conidia of Helminthosporium sativum 
and H. victoriae Meehan and Murphy observed by Hsu and Lockwood 
(1971). Neither of these phenomena were observed in the 
above experiments. Phytophthora drechsleri chlamydospores 
produced only one germ tube (or rarely two) and when lysis of 
this germ tube occurred, no further germination from that 
spore was observed. Measurement of germ tubes was difficult 
because they were not particularly straight, but lengths of 
600 µm from the original spore were achieved within 12 hours. 
No additional chlamydospores were formed in the resulting 
mycelium within 12 or 24 hours incubation so that once a 
spore had germinated and the germ tube lysed, the population 
of the fungus declined and relied on those germ tubes 
surviving to establish a viable mycelium. 
Again, the problem of chlamydospore production is 
apparent: nutritional requirements for germination can only 
be determined in axenic culture because competition tends to 
immobilise much of the available carbon and nitrogen, and 
toxic metabolites from competitors affects spore respiration 
and metabolism, thus possibly raising the amount of carbon 
and nitrogen required for germination. Antibiotic agars have 
been successful in isolating P. d:Pechsleri from chlamydospores 
but are not satisfactory for studying axenic chlamydospore 
germination: all bacteria and other fungi are not killed and 
some germination may be induced by the small amounts of 
nutrients released from the inhibited microorganisms. Also 
the antibiotics have a slight suppressive effect upon 
germination. 
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Realistic germling survival experiments can only be 
performed in soil in the presence of host roots. Simple 
sugars and amino acids present in plant root exudates have a 
profound effect on resting spores and sclerotia of fungi 
(Schroth and Hildebrand, 1964) and as discussed by Cook and 
Snyder (1965), chlamydospore germination is · not the only 
criterion to consider when evaluating the influence of root 
exudates on spore behaviour. 
It is evident from thes~ experiments that chlamydospores 
of P. drechsZeri under the experimental conditions imposed will 
germinate at oxygen partial pressures as low as 0.002 atm. 
Thus, in microsites within the soil, a low oxygen 
concentration per se is unlikely to be inhibitory to spore 
germination. 
CHAPTER FOUR 
The Influence of Water Potential 
on Phytophthora drechsleri 
4.1 Introduction 
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As mentioned in Chapter Three, the activity of 
Phytophthora species in soil is generally enhanced by high soil 
moisture levels. The severity of Phytophthora root rot of 
safflower is influenced by soil water and characteristically 
occurs under conditions of pr.olonged or heavy rainfall that 
result in the soils becoming saturated for several days. The 
culture of P. d:Pechsleri used in these studies was, however, 
isolated from dryland safflowers growing in a sloping paddock 
which had received 15 pts in light showers 12 days before 
examination, but no heavy rain for 4 weeks. Isolated patches 
of plants exhibited advanced stages of the disease and none 
of these areas coincided with depressions or contour changes 
where water would collect, so raising the soil water 
potential of the area above that of the surrounding soil. 
Stovold (pers. comm.) also found root r-0t in safflower crops 
under dry conditions. 
Although, as stated, pathogenicity of Phytophthora specie_s 
is stimulated by freely available soil water, the influence 
of soil water on growth and survival of soil-borne plant 
pathogens has been little understood until recently. The 
concept of soil water potential (i.e. the energy status of 
I 
/.. 
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soil water) and its influence on soil microorganisms has been 
thoroughly reviewed by Griffin (1963, 1969, 1972) and Cook 
and Papendick (1970) so I shall not repeat their reviews here. 
Suffice it to say that to obtain water from a soil 
environment, an organism must overcome the forces (adhesion, 
cohesion and solution) by which the water is held in the soil. 
Organisms differ in their ability to obtain water and this 
has led to some ecological differentiation of fungal species 
within the soil. Bacteria are relatively inactive in soil at 
water potentials approaching -15 bar, whereas fungi tolerate 
much lower potentials; some species of AspergiZZus and 
PeniciZZium can grow at potentials as low as -400 bar. It 
seems probable that bacterial antagonism is low within the 
water potential range of -10 to -15 bar that still permits 
plant growth. Thus, it is likely that pathogenic fungi are 
active in root zones, where potentials of this order exist, 
free from competition from the soil bacterial population. 
Little work appears to have been done on the effects of 
soil water potential on Phytophthora species and on spore 
germination. Sommers et al. (1970) investigated the effects 
of water potential of solute-amended agars on growth of 
-P. cinnamomi, P. megasperma var. sojae and P. parasitica. Optimum 
growth of P. cinnamomi occurred at -10 to -15 bar, while the 
growth rate of P. megasperma var. sojae and P. parasitica was 
optimum at -1 to -2 bar and declined with further decreases 
in water potential. Growth of P. megasperma var. sojae ceased 
at about -30 bar, while growth of the latter fungus was still 
discernible at -50 bar. 
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The moisture requirements of some fungal spores, and of 
powdery mildews in particular, have been studied in detail 
(Snow, 1949; review by Griffin, 1963; Pitt and Christian, 
1968; Zaracovitis, 1966) but the effects of soil water 
potential on spore germination is apparently a neglected 
field. The only recent work on this subject is that of Cook 
and Papendick (1970) who studied the influence of soil water 
potential on the germination of chlamydospores of Fusariwn 
rosewn (Lk. ex Fr.) emend. Snyd. & Hans. f. sp. cerealis (Cke) 
Snyd. & Hans. 'Culmorum'. They found that germination in 
soil was markedly reduced at water potentials below -50 to 
-60 bar and was prevented at potentials lower than -80 to -85 
bar. Soil water potential also influenced germ tube survival; 
at potentials of -10 bar or higher, germ tubes lysed or 
converted into new chlamydospores, whereas at lower 
potentials, germlings branched and appeared to grow for at 
least 6 days. 
4.2 Moisture Potential and Chlamydospore Germination 
Experiments were designed to study the effects of 
moisture potential on germination of P. drechsleri 
chlamydospores. Many soil-borne plant pathogens are not 
limited in their growth by moisture potentials between -1 and 
-15 bar (Griffin, 1963), the range of water availability to 
plants. If root rot of safflower develops under dryland 
conditions, then chlamydospores may be capable of germinating 
under somewhat dryer conditions than would otherwise be 
expected. 
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Total soil water potential comprises of both matric and 
osmotic potentials. Of the methods reviewed by Scott (1956) 
for studying the water requirements of microorganisms, the 
addition of different solutes to a nutrient medium to depress 
the water activity is perhaps the least difficult method to 
adopt in the laboratory, although its limitation is that only 
osmotic forces are acting on the organism. The possibility 
of some solutes having a direct effect on the physiology of 
the fungus being studied is largely overcome by using a 
number of different solutes in order to differentiate between 
the effects of water suction and a specific solute. This 
method does allow water potential effects to be studied 
unambiguously (Griffin , 1969). In a model system, the water 
activity (potential) of the solute-amended agar is in 
equilibrium with the water vapour pressure of the atmosphere 
above it; the results achieved on salt-amended agar can 
provide indications of some of the effects that increasing 
• 
water stress may have on the behaviour of the fungus in soil. 
The amount of energy required by the fungus to remove water 
from the agar at a given potential is equal to the amount of 
energy that must be exerted by the same organism to obtain 
water from soil at an equivalent water potential, although 
forces involved in water retention in the soil differ from 
those operating in agar. A reduction in the water potential 
of agar is not associated with a reduction in the volume of 
water held within the system, whereas in soil a lowering of 
water potential progressively dries the soil. Solute 
diffusion in soil is restricted by decreasing water potential 
but diffusion within agar is scarcely affected by changes in 
I 
/ .. 
osmotic potential. 
The osmotic potential of water agar (30 g Oxoid No. 3 
agar per litre) and VB juice agar (100 ml VB juice, 2 g 
calcium carbonate, filtered; 30 g Oxoid No. 3 per litre, 
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water potential of -1.25 bar) was controlled by the addition 
of sodium chloride or a salts mixture consisting of sodium 
chloride, sodium sulphate and potassium chloride in a 5:2:3 
molal ratio. Sucrose, commonly used as a solute, was not 
used in these experiments. Various workers (Sommers et aZ., 
1970; Wong, pers. comm.; Taylor, pers. comm.) have found 
that the use of sucrose results in an abnormally high 
stimulation of a range of fungi and actinomycetes, above that 
observed when the other salts mentioned were used alone or in 
combination. The potential of the solute-amended agars was 
calculated as the sum of the potential of the nutrient medium 
and the osmotic suction of. the added solutes. The quantity 
of solutes added to the agar media to obtain a known osmotic 
suction is listed in Table 4. 
The required amounts of salt were added to the agar 
before sterilisation at 15 p.s.i. for 15 minutes, and after 
autoclaving, the pH of the media was adjusted to pH 6.5 with 
0.5 N HCl. As only a few mls of acid were used, the increase 
in osmotic suction was neglected. Solute-amended agar was 
dispensed, 25 ml per dish, into 9 cm plastic Petri dishes. 
A macerated root slurry of two lupin root pieces (as 
described previously) in three drops of water was spread over 
the surface of the agar in each Petri dish. The lids were 
removed for 2 to 3 minutes to facilitate rapid drying of the 
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inoculum. The very small quantity of water used in the 
slurry would have negligible effect on the water potential of 
the agar. Treatments were replicated six times. Inoculated 
plates were placed in plastic bags, sealed with rubber bands 
to prevent water loss and incubated at 25 ± 1 °C for 12 hours. 
After the incubation period, the agar surface was treated as 
described previously for germination experiments. One 
hundred and fifty chlamydospores were examined in each 
replicate. 
Table 8 shows a quantitative comparison of percentage 
chlamydospore germination when decreasing water potential of 
water agar is controlled by two different solutes. These 
data are presented in Fig. B. Counts of chlamydospore 
germination on the v 8 agar were discontinued because of the 
high level of contamination. The nutrient stimulated 
considerable bacterial and fungal activity at the high 
potentials, and at lower potentials chlamydospores were 
obscured by growth of other fungi. 
Germination was considerably higher on water agar 
amended with salts mixture than when sodium chloride was used. 
The difference was significant (5% level) at all water 
potentials (Appendix Table 6). Whereas sodium chloride 
caused a marked decrease in germination from that achieved on 
nonamended water agar, a stimulation of germination over the 
range of Oto -27.5 bar resulted from the use of a salts 
mixture to control water potential. Maximum germination 
(85.4%) after 12 hours occurred in the range -3.8 to -17.5 
bar on the mixed salts agar; values in this range were 
significantly greater than on unamended water agar. Although 
Table 8. Percentage Germination of P.drechsleri 
Chlamydospores After 12 Hours on Solute-amended Water Agar 
Potential NaCl Mixed salts 
(-bar) 
% Germination % Septation * % Germination % Septation 
0 73.8 50.3 73.8 50.3 
(no solute) 
3.8 85.4a 83.7 
4.4 59.0c 59.6 
8.8 84.Sa 90.Sf 
9.5 58.lc 72.7e 
17.5 83.2a 86.2f 
18.0 56.Scd 72.9e 
27.5 53.2d 46.9 75.2 70.5 
36.6 56.3d 29.0g 
37.5 65.6b 25.7g 
41.4 38.3 12.9h 
42.5 63. Sb 12.lh 
46.1 20.3 3.6 
47.5 50.7 8.4 
56.0 - - 19.9 0 
65.0 - - 1.7 0 
-
76.0 0 0 
* indicates percentage of germ tubes having cross walls. 
Figures with common superscripts are not significantly different at 
the 5% level (see Appendix Tables 6 and 7). 
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after 12 and 24 hours. 
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germination on sodium chloride amended agar was not measured 
below -46.1 bar, it appears that germination would cease at a 
higher potential than on mixed salts agar (Fig. B). There 
was a steady decline in chlamydospore germination with 
decreasing water potential on sodium chloride amended agar 
except at -36.6 bar where there was a slight increase (though 
not significant) in germination. 
There was a marked increase in the presence of septa 
within germ tubes on both salt-amended agars between -3.8 and 
-27.5 bar: this also coincided with increased germination 
over this range on the mixed salts agar. Septation could 
occur for many reasons; between O and -9.5 bar, bacteria are 
active and their presence may induce cross wall formation, as 
discussed in Chapter Three; at the lower potentials, higher 
salt concentrations may induce septation. The presence of 
septa appears to be related to germ tube length, and the 
decreasing percentage of germ tubes with septa at decreased 
water potentials is probably due more to the shorter length 
of germ tubes at these potentials than to further 
physiological changes within the fungus. 
Because of termination of the high germination rate at 
water potentials below -47.5 bar, further germination 
experiments were conducted to see whether the low germination 
below this potential was due to salt toxicity or to an 
increase in the lag phase of germination as a result of 
insufficient water to induce germination within the 12 hour 
period. Macerated root suspensions on mixed salts-amended 
agar were incubated for 24, 36 or 48 hours and stained as 
before. There were six replicates of each treatment . Sodium 
chloride-amended agar was not used in these experiments 
because of its inhibitory effects upon germination. 
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Results are summarised in Table 9. With increasing time 
of incubation, there were marked increases in chlamydospore 
germination, especially at the lower potentials (-56 to -76 
bar). From zero germination at -76 bar after 12 hours, 
incubation time raised germination perce~tage to 26.5% after 
24 hours and to 72% after 48 hours. There was a longer 
germination lag .phase at -97.3 bar, as was to be expected; 
germination was nil after 24 hours but rose to 26.2% after 
48 hours incubation. 
Growth continued in all cases once germination had 
commenced. After 24 hours on unamended water agar, germ 
tubes had branched and were often longer than 600 µm. Germ 
tube length after 48 hours at -90 bar was in the range of 360 
to 600 µm with_ the majority attaining a length of 400 µm. 
Septation was sometimes difficult to detect due to the 
vacuolated nature of the protoplasm at lower water potentials. 
A few germination counts were made on salt-amended v8 agar at 
lower potentials where there was less interference from other 
fungal growth. Germination was always greater on the v 8 agar 
(Table 9) down to -97.3 bar: this was not unexpected as 
Scott (1956) found that the presence of nutrients increased 
the range of water activity at which germination of fungal 
spores would occur. 
There was a fairly abrupt cessation of germination 
before or at -110 bar. No germination was observed at this 
potential even after 72 hours when the experiments were 
* 
** 
Table 9. Percentage Germination of P. driechsleri 
Chlamydospores on Mixed Salts-amended Water Agar 
After Various Intervals of Time 
Potential Time of incubation (hours) 
(-bar) 
12* 24 36 48 
0 73.8 95.0 
27.5 75.2 86.9 
47.5 50.7 83.3 
56.0 19.9 66.6 
65.0 1.7 52.5 
76.0 0 26.5 72.3 
-
(83.0)** 
90.0 3.0 46.6 
(63.6)** 
97.3 I 0 16.3 26.2 
(35.7)** 
110.0 0 0 
(O)** 
from Table 8. 
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0 
germination on salt-amended v8 agar (osmotic potential of agar is 
1.25 bar lower than that shown). 
I 
I 
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terminated. Scott (1956) graphed the log of latent period 
for germination against water activity (aw) and suggested 
that the lower limit of water activity for spore germination 
may not always be sharply defined but may depend to some 
extent on the length of the observation period. This abrupt 
termination of germination at lower water activity levels was 
also observed by Pitt and Christian (1968). In their 
experiments, Aspergillus restrictus Smith germinated at 0. 771 aw 
(-356 bar) in 8 days but not within 120 days at 0.753 a 
w 
(-389 bar). Thus, the lag phase in germination of P. d:Pechsleri 
chlamydospores at -110 bar may well be far longer than 72 
hours. 
Although there has been little work done directly on 
soil water potential and spore germination, there are many 
reports in the literature on the effects of soil moisture 
content on propagule survi~al and on subsequent germination. 
To mention only a few of the more recent reports: Agnihotri 
and Vaartaja (1967) measured soil moisture on a dry weight 
basis and studied its influence on germination of Pythium 
ultimwn sporangia; Papavizas and Lewis (1971) studied the 
survival and germination of endoconidia ~nd chlamydospores of 
Thielaviopsis basicola in soil under different moisture holding 
capacities; and survival and germination of Phytophthora 
parasitica as affected by soil moisture holding capacities was 
investigated by Holdaway and Tsao (1971). No comparison can 
really be made between the data presented by these workers 
and the results of the preceding experiments. Expression of 
soil moisture content in terms of moisture holding capacity 
or as a percentage of dry weight gives no indication of the 
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amount of water held per unit weight or volume of soil, or of 
the forcep by which the water is held (Griffin, 1969). The 
soil water potentials at which the propagules are surviving 
and germinating cannot be calculated from bhis type of data 
and thus, there is no common ground on which comparisons 
between soils or fungi can be made. 
4.3 Moisture Potential and Growth of Mycelium 
It was found by Sommers et al. (1970) that growth of 
P. parasitica ceased at about -50 bar. Since chlamydospores of 
P. drechsleri were able to germinate at potentials lower than 
-90 bar, the growth of P. drechsleri mycelium on solute-amended 
agars was investigated to observe whether it was capable of 
growth at potentials lower than those recorded for three 
other species by Sommers et al. (1970). 
Salt-amended v8 agar and water agar were prepared as 
described for the previous experiments. Cultures of 
P. d:rechsleri were grown on V 8 agar for 4 days. Solute-amended 
agar plates were inoculated in the centre with a 4 mm agar 
disc cut from the periphery of these colonies. The inoculum 
pllig was placed upside down on the agar surface. Plates were 
sealed in plastic bags and incubated at- 25 ± 1 °C for 72 hours, 
after which time the radial growth of mycelium was measured 
twice on each of the five replicates per potential. 
Results are shown in Table 10 and Fig. C. Within the 
water agar results and the results on v8 agar, for 
computational purposes, it had to be assumed that a given 
potential for sodium chloride did not differ from a similar 
Potential 
(-bar) 
0 
1.25 
3.8 
4.4 
5.05 
5.65 
, 
8.8 
9.5 
10.05 
10.73 
17.5 
18.0 
18.75 
19.26 
27.5 
28.75 
36.6 
37.5 
37.9 
38.75 
41.4 
42.5 
42.65 
43.75 
46.1 
47.5 
48.75 
Table 10. Radial Growth (in mm) of P.drechsleri 
After 72 Hours on Solute-amended Agar 
Water Agar v8 Juice Agar 
Solute Solute 
Sodium chloride Mixed salts Sodium chloride Mixed salts 
23.3 23.3 
30.20 
29.95a 
31.35hj 
30.35gj 
26.87 
24.5 
31.90h 
29.0 
19.37 
12.54 
23.45 
20.70 
4.96 9.29 
11.95 15.8 
2.92 
3.56 
10.45 
l.25bcd 
0.0 
Solutes within an agar medium can be compared, but because data were 
computed separately, statistical comparisons can not be made between the 
agar media. 
L.S.D. for water agar data 
L.S.D. for v8 agar data 
5% level 1.084 
1% level : 1.443 
5% level 1.048 
1% level 1.385 
Figures with common superscripts are not significantly different at the 
5% level. All treatments are highly significant (0.1% level). 
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potential obtained with the salts mixture (i.e. -3.8 and -4.4 
bar were assumed to be equal, -8.8 and -9.5 bar equal, etc.). 
This assumption would introduce only a small additional error 
in the values of water potential to those already existing 
because of impurities in the agar, changes in composition of 
v8 juice, and slight water loss during autoclaving and 
cooling. 
As was observed with the germination experiments on 
solute-amended agars, growth was always greater on the mixed 
salts agar than on sodium chloride amended agars, and v8 agar 
stimulated greater growth than occurred on water agar. An 
optimum growth rate occurred at about -10 bar on mixed salts 
v8 agar; this was close to the optimum observed in~ oinnamomi 
and P. parasitioa by Sommers et aZ. (1970). Sodium chloride did 
not induce the sudden decrease in activity that was observed 
in the germination experiments (Fig. B). 
Regardless of the solute or agar used, macroscopic 
growth in all treatments ceased before -50 bar. At -48.75 
bar on mixed salts v8 agar, microscopic examination revealed 
sparse growth on some replicates only and was less than 
400 µm. With other Phytophthora species, Sommers et aZ. (1970) 
observed that growth rates for a specific organism often 
varied at different times of the year although it was growing 
under identical experimental conditions. This phenomenon was 
al so observed in P. dreohs Zeri. In later experiments under the 
same conditions, growth at -48.75 bar (mixed salts v 8 agar) 
after 72 hours was greater than 1 mm and sparse growth of 
about 300 µm was observed on agar at -56 bar. No growth was 
observed on agars of potentials lower than this. Despite 
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these anomalies at potentials between -48 and -56 bar, it was 
obvious that chlamydospores germinate at potentials 
considerably lower than those at which mycelium can grow from 
mycelial inocula. 
The transferring of inoculum plugs from agar at -1.25 
bar to potentials of -48 bar and lower may subject the fungus 
to an osmotic shock and the sudden drop in potential may be 
the cause of its failure to grow. To investigate the 
validity of this suggestion, the fungus was exposed to 
gradual decreases in water potential of the agar. As best 
results were obtained on mixed salts v8 agar, only this 
solute-agar combination was used. The fungus was grown on 
basal v8 agar for 3 days. Plates with an osmotic potential 
of -10.05 bar were inoculated from this culture and incubated 
for 3 days at 25 °C; inoculum from this agar was used to 
inoculate v8 agar at -18.75 bar. This successive inoculation 
and incubation was used with agars of -10.05, -18.75, -28.75, 
-38.75, -43.75 and -48.75 bar, and the cultures on each of 
these agars were incubated (before subsequent subculturing) 
for 3, 4, 5, 7, 11 and 3 days respectively. Treatments were 
replicated five times. 
Radial growth on all replicates at _-48.75 bar after 72 
hours was less than 100 µm. The gradual increase in 
potential at which the fungus was growing did not increase 
the range of potentials at which it was capable of growing. 
Although only infrequent measurements were made at 
intermediate potentials, it was noticed that at the lower 
potentials, growth after 72 hours was slightly greater than 
occurred when the fungus was inoculated directly from -1.25 
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bar to the potential agar in question. This, however, may 
have been due to normal fluctuations in growth mentioned 
above. 
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Mycelium of P. d:r>echs'leri maintained its viability on 
solute-amended agar for a long timee Water agar plates that 
were not discarded at the end of an experiment were examined 
64 days after inoculation. Colonies on the agar plates, 
sodium chloride-amended agar of -36.6 bar and mixed salts-
amended agar of -37.5 bar, were 15 and 18 mm in diameter 
respectively. Mycelium at the periphery of the colonies had 
branched extensively to form many clumps of stunted hyphal 
strands. Sections of the colonies, from the periphery and 
from midway between the edge and the original inoculum plug, 
were transferred to basal v8 agar. After 24 hours all 
sections from the colony edge had produced mycelium but other 
sections failed to initiate growth after 48 hours. 
Why, then, do chlamydospores germinate at potentials far 
lower than those at which growth appears to cease? One 
explanation which could be advanced at this stage is that at 
potentials lower than -50 bar, mycelial growth rates have 
reached the asymptotic portion of the growth curve, where 
growth becomes progressively slower at ~ower potentials but 
has not ceased altogether at -97 bar. This does not explain 
why germlings from chlamydospores have attained lengths in 
excess of 400 µm after only 48 hours at -90 bar, when 
mycelium cannot exceed 300 µm after 72 hours at -56 bar. 
Whereas no septa were formed within mycelium in 72 hours, 
they were common in germlings at those potentials where 
mycelial growth rate was highest. Together with 
.. 
chlamydospore germination at low potentials, this suggests 
that germ tube physiology may differ somewhat from that of 
mycelium. 
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It can be seen from Figs.Band C that low salt 
concentrations have a stimulatory effect on chlamydospore 
germination and on mycelial growth. This effect was 
discussed by Cook et aZ. (1972) who observed similar trends in 
Fusariwn roeewn f. sp. cereaZis "Culmorum" growing on solute-
amended agar. They suggested that it could be due to solute 
effects on water and ion adsorption by the fungus as it is 
generally known that unicellular organisms require a medium 
of suitable osmotic potential .and ionic composition for 
optimal growth and normal function. It was observed in other 
experiments that temperature not only influenced mycelial 
growth rate of the fungus, but also affected the degree of 
stimulation by other solutes. On v8 agar, a reversal of the 
trend shown in Fig. C occurred with decreasing temperature. 
Fig. D shows that at 7 °C and 15 °C, the use of sodium 
chloride to control osmotic potential results in an increase 
in the growth rates when compared with that on mixed salts-
amended agar, but at 25 °C, its use resulted in decreased 
growth rates. 
The preceding experiments have used the osmotic 
component of water potential to obtain information on the 
possible effects that decreasing water potential would have 
upon the activity of the fungus in soil. Within soil, matric 
potentials may also have an influence on fungal activity but 
this will decrease in importance when the fungus becomes 
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Fig. D. Radial growth rate of P.drechsleri at different temperatures on solute-amended v8 agar 
after 72 hours. 
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established in plant tissue. 
Clearly, osmotic potential per se has little deleterious 
effects on chlamydospore germina~ion down to -97 bar. It 
could be hypothesised that chlamydospores of P. d:riechsleri may 
be capable of germination in dry soils. On a macro-scale, 
under conditions that are too dry for plapt growth, there 
would be no advantage in this; but there exists in the soil 
many microsites adjacent to plant roots where potentials of 
-15 bar and less may exist for periods of time (Cook and 
Papendick, 1970) due to the absorption of water by the roots. 
During periods of high transpiration and thus rapid water 
uptake by roots, a moisture potential gradient would develop 
between the absorbing surface of the root and areas of higher 
water potential a few mm away. It is within these dryer 
sites that P. drechsleri chlamydospores may be able to 
germinate and infect roots free from bacterial competition. 
If germ tubes from chlamydospores are capable of direct 
penetration of root tissue, the requirements for high soil 
moisture and zoospore production to initiate infection are 
effectively bypassed. 
1. 
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CHAPTER FIVE 
General Discussion 
This study has shown that P. d.reahsZeri has well adapted 
mechanisms of surviva l which allow the pathogen to exist in 
the absence of its normally accepted host, safflower. Indeed 
it is probably incorrect to visualise this recently 
introduced plant as anything other than an incidental host 
with less resistance to infection than the more established 
native flora. Chlamydospores· of P. dreahsZeri have been found 
in the roots of six genera of artifically inoculated plants 
that are common weed species in Eastern and Southern 
Australia. 
The difficulty of defining a host range has been 
examined in Chapter Two, but notwithstanding the limitations 
of artificial inoculation, it is apparent that some native 
plants are quite susceptible to infection by P. d.reahsZeri and 
that the pathogen is capable of reproduction within the 
invaded tissue. The hypersensitivity developed in inoculated 
plants appears to limit the spread of the fungus and has no 
doubt played a role in establishing a balance between the 
pathogen and the native flora. Only when the balance is 
upset by extremes in the environment does the flora exhibit 
signs of infection. Large areas of saffron thistle were 
chlorotic and stunted in 1969 when heavy summer rainfall 
resulted in widespread root rot in safflower crops (Stovold, 
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unpublished data). The isolation of P. drechsleri from native 
Eucalypt forests in Australia lends support to an argument 
that this ·fungus has long been established in Australian 
soils and is in equilibrium with its environment . A similar 
argument involving P. cinnamomi in Australian forests is 
currently under discussion, although recently Podger (1972) 
presented evidence contrary to this point of view. It would 
be interesting to speculate that some dieback in Eucalypt 
forests was due to the presence of P. drechsleri, alone or in 
conjunction with other microorganisms. 
The chlamydospores described in Chapter Three could well 
be the means by which the fungus maintains its population in 
a plant conununity. Although these spores appear to germinate 
quite readily, it is unlikely that this would contribute to 
their eventual demise as they are capable of inciting disease 
in susceptible roots. Rotations on agricultural land with 
"nonsusceptible" crops would be of little value in reducing 
population density of this pathogen as it would be virtually 
impossible to rid a paddock and its surroundings of the 
ubiquitous skeleton weed and saffron thistle. 
The real significance of chlamydospores in native 
communities can be elucidated only by a - study of their 
behaviour in soil. To achieve this, it will be necessary to 
produce the spores in greater numbers than has been achieved 
in this project. Ideally, having chlamydospores in the 
concentrations produced by other fungi would simplify soil 
studies. Natural populations of Pythiwn ultimwn of from 
3. 8 x 10 3 to 2 x 10 5 propagules per g of soil were found by 
Stanghellini and Hancock (1971), and Smith and Snyder (1972) 
" 
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detected propagule densities of 10 4 per g of soil for native 
Fus aria and 3 x 10 5 chlarnydospores of F. oxysporwn Schlect. f. 
sp. batatas (Wr.) Snyd. & Hans. , F. cubense (E. F. Sm.) Snyd. & 
Hans. , and F. lycopersici ( Sacc.) Snyd. & Hans. , per g of soil. 
Chlarnydospores of P. d.rechsleri have been produced only in the 
presence of soil and attempts at axenic production may 
involve more than just nutrient exhaustion or changes in the 
physical environment. It has been shown (Ford et al., 1970) 
that chlarnydospore forrna tion in Fusariwn so Zani f. sp. phaseoli 
occurs as a result of an interaction between chlarnydospore-
inducing substances (produced as a by-product of rnycelial 
growth, or exogenously by other microbes), environmental 
factors and the fungus. Similar requirements may exist for 
P. d.rechs leri. 
The germination of chlarnydospores under dry conditions 
and the occurrence of rooi rot in dryland safflowers indicate 
that excessive moisture is not a necessary precondition for 
pathogenesis. Several Phytophthora root rots are known to 
occur in soils not subject to f loading. Crown rot (P. cactorwn) 
of rhubarb assumes serious proportions on well drained soils 
(Beach, 19 22) ; crown and root rot (P. cryptogea) of lucerne 
occurs on similar soils (Erwin, 1955); and Purss (1958) 
noted that it was not uncommon to find severe stern rot 
infections of cowpeas by P. vignae Purss under relatively dry 
conditions. Purss reported that the incidence of disease was 
not appreciably affected by a drier than normal season and 
noted that very wet conditions were not required for severe 
disease outbreaks. Under the climatic conditions prevailing 
in Eastern Australia, especially in the summer months, it is 
more likely to be the rule, rather than the exception, for 
infections by P. d.rechsleri to occur in areas where soil 
moisture levels are well below field capacity. 
The overall behaviour of the chlamydospores of 
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P. drechsleri is different from that of similar spores in other 
species. The chlamydospores can be readily germinated and 
reasonably good germination is achieved under conditions of 
low moisture availability or low oxygen partial pressures. 
The septation of germ tubes discussed in Chapters Three and 
Four does not appear to limit germling growth or signify the 
commencement of lysis. The reasons for cross wall formation 
remain speculative. 
It was observed by Steiner and Lockwood (1969) that 
large spores tend to germinate more rapidly than small spores, 
possibly because they have large energy reserves and so 
require less exogenous nutrients. The small size of 
P. drechsleri chlamydospores does not affect their rate of 
germination in vitro and if these chlamydospores germinate as 
readily in soil under favourable conditions as they do on 
agar plates even in the presence of other fungi and bacteria, 
then they will be more able to utilise available nutrients 
and escape fungistasis than spores with_a longer latent 
period of germination. Sensitivity of spores to soil 
fungistasis is apparently related to the germination time of 
spores, and not the concentration of nutrients required for 
germination (Steiner and Lockwood, 1969). 
It was not possible to determine the effect of age on 
the viability of chlamydospores with increasing time of 
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burial in soil. Germination in excess of 60% was achieved 
with chlamydospores buried for 1 -4 months; the germination 
rate fell to 26% after 10 months in soil but ungerminated 
spores stained as deeply as younger spores. It is likely 
that the viability of the chlamydospores had not decreased 
appreciably but that the germination rate had dropped due to 
the development of constitutional dormancy. 
Knowledge of the propagule responsible for the survival 
of P. drechsleri in plant tissue and in soil will aid the 
understanding of its disease cycle. It will also assist in 
further studies on pathogenicity as use of other propagules 
such as mycelium may have little relevancy to the pathogen's 
activity in nature. 
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Appendix Table 1. Influence of Water Potential and Temperature, 
During Infection and Burial, on the Formation of Resting Spores 
Variate : Spore Count Per Unit Area 
Analysis of Variance Variate Log Count 
Source of Variation DF ss MS F 
POTLS 2 3.2339 1.6169 7.302*** 
TEMPS 2 3.4506 1.7253 7.792*** 
POTLS/TEMPS 4 4.0678 1.0169 4.592** 
MOIST 1 7.5459 7.5459 205.414*** 
SUBTEMPS 1 12.5068 12.5068 340.461*** 
POTLS/MOIST 2 2.6231 1.3116 35.704*** 
POTLS/SUBTEMPS 2 0.0886 0.0443 1. 206 NS 
TEMPS/MOIST 2 0.6799 0.3400 9.255*** 
TEMPS/SUBTEMPS 2 1.1820 0.5910 16.089*** 
MOIST/SUBTEMPS 1 2.6887 2.6887 73.191*** 
POTLS/TEMPS/MOIST 4 1.7692 0.4423 12.040*** 
POTLS/TEMPS/SUBTEMPS 4 0.2716 0.0679 1. 849 NS 
POTLS/MOIST/SUBTEMPS 2 0.3203 0.1601 4.358* 
TEMPS/MOIST/SUBTEMPS 2 0.4202 0.2101 5.719** 
RESIDUAL 184 6.7592 0.0367 
TOTAL 215 47.6077 0.2214 
-
significant at 5% level. POTLS 3 potentials at infection 
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II II 1% II TEMPS 3 temperatures at infection 
*** II II 0.1% II MOIST : 2 soil moistures at burial 
NS not significant SUBTEMPS : 2 soil temperatures at 
burial 
1. 
Appendix Table 2 
Temperature Soil moisture 
at infection 
oc Dry Wet 
Potential at infection: -1.25 bar 
8 1.8945a l.8413e 
15 1.4440b 1.9505 
25 l.2396cd 2.0011 
Potential at infection: -10.7 bar 
8 1.8541a l.9030e 
15 · 1.5077b l.6406f 
25 1.1069c 1.1942 
Potential at infection: -28.75 bar 
8 1.1222 l.7775e 
15 0.9537 l.7338f 
25 1.2848d 1.7300 
Data are the means of log10 of 12 observations within each soil 
moisture treatment. From this table two potentials can be compared 
within a given temperature and soil moisture level. 
L.S.D. 5% level : 0.1545 
1% level: 0.2037 
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Figures with common superscripts are not significantly different at the 
5% level. 
Appendix Table 3 
Soil Soil moisture 
temperature 
oc Dry Wet 
Temperature at infection: 8 oc 
8 1.3265 1.6550 
25 1.9207 2.0261 
Temperature at infection: 15 oc 
8 0.8073 1.6077 
25 1.7963 1.9422 
Temperature at infection: 25 oc 
8 0.9455 l..6073a 
25 1.4754 1.6761a 
Data are the means of log10 of 18 observations within each 
infection temperature treatment. From this table, two burial 
temperatures can be compared at a given infection temperature and soil 
moisture level. 
L.S.D. 5% level 
1% level 
0.1545 
0.2037 
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Figures with common superscripts are not significantly different at the 
5% level. 
Time 
(hours) 
4 
12 
Appendix Table 4. Germination of P. dreohsleri 
Chlamydospores Under Different Oxygen 
Partial Pressures and Nutrient Conditions 
Oxygen partial 
Nutrient source (atm) 
0.002 0.006 
Water agar 0.0 30.603 
Water agar plus: 
Ammonium sulphate 3.558 20.353 
L-asparagine 1.889 20.140 
Sucrose 0.0 20.368 
Sucrose plus Ammonium sulphate 2.176 20.416 
Water agar 23.983 50.390 
Water agar plus: 
Ammonium sulphate 10.071 28.711 
L-asparagine 9.250 51.563 
Sucrose 11.996 62.183 
Sucrose plus Ammonium sulphate 6.651 55.283 
Data are in degrees. 
pressure 
0.0105 
35.520 
28.317 
21.204 
40.913 
31.889 
50.557 
36.358 
49.158 
65.198 
53.099 
Comparisons can be made between any two results providing that two 
of the three treatments are always constant. 
L.S.D. 5% level: 3.6222 
1% level : 4.794 . 
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Appendix Table 5. Degree of Septation of Germ Tubes from 
P.drechsleri Chlamydospores Under Different 
Oxygen Partial Pressures and Nutrient Conditions 
100 
Oxygen partial pressure 
Time Nutrient source (atm) (hours) 
0.002 0.006 0.0105 
Water agar 0 12.095 11.053 
Water agar plus: 
4 Ammonium sulphate 0 13.552 21.147 
L-asparagine 0 4.529 6.131 
Sucrose 0 6.317 19.738 
Sucrose plus Ammonium sulphate 0 2.218 2.896 
Water agar 21.208 11.190 16.739 
Water agar plus: 
12 Ammonium sulphate 16.762 25.405 61.811 
L-asparagine 0 35.844 38.238 
Sucrose 0 58.516 65.034 
Sucrose plus Ammonium sulphate 0 50.218 59.539 
Data are in degrees. 
Comparisons can be made between any two results providing that two 
of the three treatments are always constant. 
L.S.D. 5% level: 5.6812 
1% level: 7.5194 . 
( 
l 
* 
Appendix Table 6. Germination of P.drechsleri Chlamydospores 
on Solute-amended Water Agar After 12 Hours 
Potential of 
solute-amended 
agar* (-bar) 
0 
4.1 
9.1 
17.75 
27.50 
37.0 
42.0 
46.75 
Solute 
Sodium chloride Salts mixture 
1.0324** 
0.8758a 1.1809c 
0.8668a 1.1670c 
0.850lab 1.1515c 
o_. 8176 b 1.0509 
0.8482b 0.9441d 
0.6672 0.9225d 
0.4677 0.7926 
Potentials are averaged: see text for explanation. 
** Data are in radians. 
L.S.D. 5% level : 0.0437 
1% level 0.0583 
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Figures with common superscripts are not significantly different at 
the 5% level. 
All treatments are highly significant (0.1% level). 
* 
Appendix Table 7. Degree of Septation of Germ Tubes 
from P. dreahsleri Chlamydospores on 
Solute-amended Water Agar After 12 Hours 
Potential of Solute 
solute-amended 
agar* (-bar) Sodium chloride Salts mixture 
0 0.788** 
4.1 0.8818 1.1575 
9.1 1.0219a 1.2611b 
17.75 1.0233a 1.1978b 
-
27.50 0.7539 0.9983 
37.0 0.5682c 0.5287c 
42.0 0.3668d 0.3502d 
46.75 0.1899 0.2751 
Potentials are averaged: see text for explanation. 
** Data are in radians. 
L.S.D. 5% level 
1% level 
0.0686 
0.0913 . 
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Figures with common superscripts are not significantly different at 
the 5% level. 
All treatments are highly significant (0.1% level). 
